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The evolution of blue and red quasars at cosmic noon and beyond

by Matthew Stepney

Observations show that all massive galaxies contain a supermassive black hole
(SMBH) at their centre and, despite their vastly different spacial scales, SMBHs and
their host galaxies appear to co-evolve. While most descriptions of this phenomenon
invoke energy feed back from the SMBH during an active accretion phase, the exact
nature of these feedback mechanisms are not fully understood. Accreting SMBHs or
active galactic nuclei (AGN) come in many flavours - ranging in mass, luminosity,
accretion rate and colour. The most luminous AGN are known as quasars, and given
their immense power, quasars are the ideal laboratory for studying the role of AGN
feedback in massive galaxy assembly. The primary aim of this thesis is to understand
the role of energetic quasar-driven winds in depositing energy into their hosts, and
hence, how these winds impact galaxy evolution at the peak epoch of both SMBH and
galaxy growth - 1.0 ≲ zsys ≲ 4.0. By harnessing the power of large statistical samples
from the Sloan Digital Sky Survey, I therefore investigate the redshift evolution of the
outflow properties of luminous blue quasars. I leverage advanced spectroscopic
analysis techniques to show that the primary driver of quasar-driven outflows is the
mass and the accretion rate of the SMBH. The strongest outflows occur in quasars
with MBH > 109 M⊙ and L/LEdd > 0.2 at all redshifts, hence, there is no evidence to
suggest a redshift evolution in the outflow properties of luminous blue quasars. This
thesis also addresses the crucial question of whether dust enhances the efficiency of
AGN feedback. I conduct a detailed investigation of the rest-UV/optical emission
from a luminous, heavily reddened quasar (HRQ) at cosmic noon, with bolometric
luminosity LBol = 1048.16 erg s−1 and E(B − V) = 1.55 mag. The HRQ hosts strong
multi-phase, multi-scale winds consistent with the trends identified in blue quasars
between SMBH mass, accretion rate and outflow velocity - making it unclear whether
dusty quasars host stronger winds than their blue counterparts. However, a full
rest-UV to infrared SED analysis of 60 additional HRQs shows that their hot dust
emission is suppressed. This suggests that strong AGN feedback processes are active
in the red quasar phase and have cleared the inner regions of dust. Given also that
excess rest-UV emission - likely scattered quasar light - is very common in HRQs, they
likely mark a key evolutionary stage in SMBH and host galaxy growth. The results of
this thesis cement the fact that studying AGN feedback is crucial to our understanding
of galaxy evolution and highlight that only by studying diverse populations can we
gain a complete understanding of the physics that drives these phenomena.
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Chapter 1

Introduction

1.1 Thesis Structure

Energy feedback from active galactic nuclei (AGN) and their accreting supermassive
black holes (SMBHs) can have a profound impact on their host galaxies (see review
by; Heckman & Best, 2014). These feedback processes facilitate the co-evolution of the
central SMBH and the host galaxy bulge, allowing both the black hole and the host
galaxy to grow in tandem - despite their vastly different spatial scales (Ferrarese &
Merritt, 2000; Gebhardt et al., 2001; Kormendy & Ho, 2013). At present, the exact
nature of these feedback processes are not fully understood. Hence, in this thesis, we
leverage novel spectroscopic reconstruction and SED fitting techniques to tackle the
crucial question of how energetic winds from SMBHs influence galaxy evolution
across cosmic time.

In this thesis, we utilise both large statistical samples and detailed single-object
investigations for our analysis. To gain the most holistic view of AGN feedback
possible, we employ a multi-wavelength approach to study both blue and red quasar
populations. We investigate how AGN-driven winds at different scales depend on
fundamental properties - such as black hole mass and accretion rate - as well as
whether the strength of these outflows evolve with redshift. In addition, we also
explore whether the presence of dust can facilitate stronger, more energetic winds
which propagate to galaxy-wide scales - reshaping the geometry of the AGN and
moderating star-formation in the host galaxy. By studying diverse populations of
AGN and carefully considering selection effects, we enable a more complete
understanding of the complex physical processes that govern AGN feedback. The
structure of the thesis is as follows;
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In Chapter 1, we introduce the fundamental physics underpinning radiative transfer
and black-hole accretion, examining their role in driving the AGN phenomenon. We
then explore the geometry and composition of AGN before discussing evidence of
their role in moderating the evolution of their host galaxies. Lastly, we review the key
observational techniques used by astronomers to probe AGN physics, connecting the
physical components of the AGN discussed earlier in the chapter to their
characteristic emission signatures.

In Chapter 2, we implement a non-parametric spectroscopic reconstruction technique
that utilises Mean-Field Independent Component Analysis (MFICA) to reconstruct
blue quasar spectra from the Sloan Digital Sky Survey (SDSS). The use of MFICA
enables more robust reconstructions of the 3.5 < zsys < 4.0 quasar spectra, which are
of modest signal-to-noise, and ensures that a consistent methodology is used to
analyse the blue SDSS quasar sample across the entire redshift range (1.5 < zsys < 4.0),
minimising selection effects. The high-redshift quasar sample is defined and a
cross-correlation analysis is employed to measure accurate systemic redshifts from the
rest-UV emission alone. A masking recipe for the removal of narrow absorption
features is also described.

In Chapter 3, a robust analysis of the C IV and He II line morphologies using the
spectroscopic reconstructions discussed in Chapter 2 is conducted. We employ the
C IV line centroid and a sample of identically analysed SDSS quasars at
1.5 < zsys < 3.5 to investigate the redshift evolution of broad-line region outflows
from 1.5 < zsys < 4.0. The use of a consistent methodology across the entire SDSS
quasar population enables detailed discussions into how quasar-driven winds at
different scales depend on fundamental properties such as cosmological redshift,
black hole mass and accretion rate - largely free of selection effects. Hence, an analysis
of the primary driver of quasar outflows, the nature of their evolution, and the
implications of our results at higher redshifts is possible.

In Chapter 4, we conduct a detailed single-object study of a luminous red quasar
undergoing a gas-rich merger at cosmic noon. We describe the reduction and analysis
of the object’s rich VLT-XShooter spectrum, employing Balmer emission and the
rest-optical continuum to infer the physical properties of the quasar - such as SMBH
mass and accretion rate. With a suite of line properties combined with the analysis of
the quasar’s full ultraviolet to near-infrared SED, we test whether the presence of dust
is a fundamental driver of quasar outflows. Furthermore, we discuss how these
multi-phase gas flows propagate beyond the torus and onto interstellar medium scales
- using the hot dust emission and host galaxy signatures to gauge the impact of
dust-driven winds on torus structure and star formation within the quasar host.
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In Chapter 5, we investigate the full ultra-violet to near-infrared SED properties of a
sample of 60 heavily reddened quasars. We discuss the selection of the photometric
data and the construction of the SED model. We expand on our previous discussions
on the source of the excess UV continuum emission observed in heavily reddened
quasars, however, by expanding our previous work to larger sample sizes, we can
determine whether the results from Chapter 4 are applicable to the heavily reddened
quasar population as a whole. With such broad photometric coverage, it is possible to
link the ultraviolet SED properties of heavily reddened quasars to the near-infrared -
enabling us to develop a framework by which we can describe the evolution of
luminous red quasars as they transition into their blue counterparts. Finally, we detail
our results in the context of JWST’s newly emerging population of “Little Red Dots”
as well as other dust-obscured quasar populations at cosmic noon - discussing the
similarities and differences of the red AGN phase at different black hole mass and
accretion rate.

In Chapter 6, we provide a final summary of the results detailed in this thesis, as well
as a discussion of some potential directions for future research with the latest
generation of ground- and space-based spectroscopic/imaging surveys. Vacuum
wavelengths are employed throughout this thesis unless stated otherwise. We adopt a
ΛCDM cosmology with h0 = 0.71, ΩM = 0.27 and ΩΛ = 0.73 when calculating
quantities such as quasar luminosities. The first-person plural is adopted to match the
usual style of scientific prose and does not imply any co-authorship beyond that
indicated specifically in the text.
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1.2 Radiative transfer

Radiative transfer describes the process by which a radiation field can transfer
electromagnetic energy, generally taking the form of ionisation, absorption, emission
and/or scattering (Chandrasekhar, 1950).

1.2.1 A quantum description of light

In the classical interpretation of light, electromagnetic energy is continuously
transferred to matter via waves. It was Planck (1901) who identified that
electromagnetic radiation should instead be described as discrete energy packets,
which underpinned Einstein’s ”heuristic” description of the Photoelectric Effect.

The Photoelectric Effect was first observed by Hertz (1887), who detailed how
ultra-violet (UV) light had the ability to transfer energy to bound electrons via
electromagnetic waves. Having accumulated enough energy, the bound electrons
became free, yielding a photocurrent. It was Hertz (1887)’s interpretation that a
change in the intensity of the incident radiation should increase/decrease the energy
of the free electrons. However, Lenard (1902) discovered that the energy of the
electrons emitted via the Photoelectric Effect had no relationship to the intensity of the
incident light.

Consequently, Einstein (1905b) proposed that quantised light - later popularised as
photons by Lewis (1926) - were not infinitely divisible - but instead had discrete
energies proportional to the frequency of the emission, expressed as;

E = hν (1.1)

where E is the photon energy, ν is the photon frequency, and h is what later became
known as Planck’s constant. In addition, Einstein (1905b) also proposed that photons
have momenta. Photon momenta can be expressed via Eqn. 1.2 - proved
experimentally by Compton (1923), where c is the velocity defined by Maxwell (1865).

p =
E
c
=

hν

c
(1.2)

1.2.2 Bound-free Interactions

Since Einstein’s quantised description of light states that photon energies are discrete,
a photon must transfer all of it’s energy to an electron for the interaction to be allowed
by quantum mechanics (Planck, 1901; Einstein, 1905b). When a photon incident on a
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given material exceeds the corresponding threshold frequency, ionisation occurs. In
this bound-free interaction, the remaining photon energy is transferred to the kinetic
energy of the newly free electron (Millikan, 1914). It is also possible for bound-free
interactions to occur in reverse, whereby a free electron can recombine with an
atom/ion. The result is a series of recombination lines as the electron cascades
through the various energy levels in the atom/ion - (e.g. the Balmer Series; Baker &
Menzel, 1938).

1.2.3 Bound-bound Interactions

Photons whose frequencies fall below the threshold frequency cannot induce a
photocurrent (Einstein, 1905b). However, they may still be absorbed by bound electrons
if the photon energy corresponds to the energy of an allowed1 excited state. This is an
example of a bound-bound interaction, the likelihood of which is dictated by the
Einstein Coefficients (Einstein, 1916b). The newly excited electron will eventually
decay to a less energetic state and the energy of the emitted photon will correspond to
the difference between the two energy levels. The resulting emission will therefore
have a single discrete frequency - known as line emission. Observing line emission in
the spectra of astronomical sources is an effective tool for studying their composition,
a technique we utilise throughout this thesis.

The mechanism by which an electron decays to a less energetic state can take the form
of either spontaneous or stimulated emission. The preferred mode of decay is
dependent on the emission rate of the particular species/transition and the physical
properties of the plasma. We often refer to emission lines as either permitted or
forbidden. Permitted lines are those transitions whose spontaneous emission rates are
high and are therefore observed under usual laboratory conditions. Conversely,
forbidden lines have low spontaneous emission rates and are therefore collisionally
de-excited in high-density/laboratory environments before the electron has time to
emit a photon through the forbidden transition. However, in less dense environments
- such as nebulae or diffuse interstellar medium gas - the collision rate is low enough
such that forbidden transitions can be observed (Bowen, 1927).

In this thesis, we adopt the standard naming convention of using a pair of square
brackets to reflect whether a line transition is forbidden or a singular square bracket to
reflect if a line transition is semi-forbidden. In addition, we use Roman Numerals to
represent the ionisation state of a given species, where I represents the neutral atom
and successive ionisations are represented by increasing the Roman Numeral by the
appropriate number of ionisations - e.g. [O III] and C III] represent a forbidden doubly
ionised Oxygen transition and a semi-forbidden doubly ionised Carbon transition,
respectively.

1by allowed we refer to any transition permitted by the transition rules proposed by Hund (1925).
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FIGURE 1.1: An illustration of Thomson scattering. The incident electromagnetic wave
is depicted by the blue arrow moving mid-left to top-right. The perpendicular electric
field associated with the incident radiation is depicted by the red arrows. The free
electron is depicted in green, with the induced oscillations depicted with green arrows
running parallel with the incident electric field. The direction of motion of the free
electron is depicted by the blue arrow moving top-right to bottom-right. The light blue
shaded region depicts the scattering cone of the re-emitted electromagnetic radiation.
The deflection angle is given by ϕ.

1.2.4 Scattering

Charged particles - such as free electrons - also have the ability to scatter
electromagnetic radiation in free-free interactions. Thomson scattering describes the
low-energy limit where the scattering of light by charged particles is elastic, and
therefore the frequency of the incident radiation remains unchanged (Thomson, 1906).
The electric field component of the incident radiation accelerates the charged particle,
resulting in oscillations perpendicular to the initial direction of motion of the incident
beam. The scattered emission is then deflected along the new direction of motion of
the charged particle - i.e. the vector summation of it’s original path and the
oscillations induced by the incident electric field (see Fig. 1.1). The likelihood of the
interaction is represented by the Thomson cross-section, σT. Hence, the scattering
intensity can be increased should the interaction be mediated by a larger cross-section.

1.2.5 Dust attenuation

Dust plays an important role in the structure and evolution of the Universe. In this
thesis, we consider astrophysical dust to be any small solid particle found in the
interstellar medium (ISM) of galaxies. Dust regulates the thermodynamics of ISM gas,
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FIGURE 1.2: An illustration detailing how a dust grain can extinct electromagnetic
radiation. The pink arrows represent the lines-of-sight of two perspective observers.
Credit: Li (2008), Fig.1.

facilitating star and planet formation, however, the focus of this thesis is the ability of
dust to reprocess electromagnetic radiation in attenuation2 processes.

Trumpler (1930) found that the photometric distances to Milky Way open clusters
were systematically overestimated compared to geometric distances based on angular
size. The distance discrepancies suggest that light from distant stars gets
scattered/absorbed by dusty material in the ISM. If we assume that a dust grain is
comprised of many dipoles, when irradiated by incident light, these dipoles oscillate
and elastically scatter the incident wave in all directions. Furthermore, the oscillating
dipoles generate thermal energy which, in-turn, is absorbed by the dust grain (Bohren
& Huffman, 1983). The stored thermal energy is eventually re-radiated at infrared
wavelengths, accounting for approximately 30 per cent of all stellar emission in the
Universe (Bernstein et al., 2002). We present an illustration of this process in Fig.1.2.

A key property of dust attenuation is that bluer wavelengths are preferentially
extincted (Draine, 2003). From an astrophysical perspective, this means that the
colours of distant galaxies - as well as the stars in the Milky Way - are dust reddened.
The degree to which dust preferentially reddens a radiation field is described by an
extinction curve. However, given that the level of extinction suffered by the incident
light is dependent on the composition, size and shape of the dust grains, the
functional form of an extinction curve varies depending on the specific properties of
the obscuring medium.

2In this thesis, we interchangeably use the terms attenuation and extinction to refer to the scattering/ab-
sorption of electromagnetic radiation by dust.
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FIGURE 1.3: Empirically-derived dust extinction law curves normalised at 5500Å.
Credit: Li et al. (2025), Fig.1.

Figure 1.3 illustrates the diversity in dust properties between the Milky Way, the Orion
Nebula, the Small Magellanic Cloud (SMC) and starburst galaxies (e.g Calzetti et al.,
2000). Extinction curves lacking small dust grains (e.g. Fig. 1.3; green, red, brown)
show weaker attenuation at bluer wavelengths compared to those with small grains
(e.g. Fig. 1.3; orange, pink, blue). It was Stecher & Donn (1965) who first identified the
λ = 2175Å feature in the Milky Way extinction curve (Fig. 1.3; pink, brown),
suggesting the cause was graphite crystals. In systems that lack the metallicity to
produce carbonaceous dust, or host environments harsh enough to destroy dust
grains, the λ = 2175Å feature is less pronounced or missing entirely (Fig. 1.3; orange,
blue). For this reason, dust-extinction laws employed to describe the attenuation of
light from Active Galactic Nuclei (AGN) generally resemble that of the SMC (Czerny
et al., 2004; Temple et al., 2021b).

Given that the degree to which AGN emission is attenuated by an obscuring medium
is dependent on the functional form of the chosen dust extinction law, it is often
helpful to discuss reddening in terms of the colour excess between two photometric
bands - i.e. E(B − V), defined via Eqn. 1.3

Aλ = k(λ) · E(B − V)

AV = RV · E(B − V)
(1.3)
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FIGURE 1.4: The effect of dust extinction on the continuum of a typical rest-UV/optical
quasar spectrum at different values of E(B − V). Increasing E(B − V) results in in-
creasing attenuation at all wavelengths, however, the bluer wavelengths are most af-
fected. Here, an RV = 3.1 is assumed using an SMC-like extinction curve (Fig. 1.3;
orange).

where Aλ is the wavelength-dependent extinction defined by a given extinction curve,
k(λ) is the wavelength-dependent total-to-selective extinction ratio (given by RV in
the V-band), and the E(B − V) is an estimate of the total extinction (Cardelli et al.,
1989) - it is assumed that RV = 3.1 throughout this thesis. Fig. 1.4 illustrates the effect
of dust extinction on the continuum of a typical rest-UV/optical quasar spectrum at
different values of E(B − V) - where larger values of E(B − V) result in more
significant attenuation of the intrinsic quasar emission.
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1.3 Black holes

At the turn of the 20th century, Einstein (1915) proposed the field equations of General
Relativity and changed the landscape of physics. The field equations provide our most
complete description of gravitation to date, describing gravity as a geometric property
of the 4-dimensional spacetime manifold. More specifically, the Theory of General
Relativity describes gravitation as the curvature of spacetime in the presence of energy
or momentum (Einstein, 1916a) - which in-turn has significant astrophysical
implications.

The first non-trivial solution to the field equations of General Relativity was
discovered by Schwarzschild (1916) - whose solution describes the gravitational field
around a spherically-symmetric point mass with zero angular momentum, embedded
in an otherwise flat spacetime. Oppenheimer & Volkoff (1939) then used the field
equations to prove that neutron stars with masses above the
Tolman–Oppenheimer–Volkoff mass limit had no stable solutions, collapsing
indefinitely toward the Schwarzschild (1916) solution. However, at what is now
known as the Schwarzschild radius this point-like mass becomes singular, giving rise
to some peculiar behaviour.

The surface subtended by the Schwarzchild radius was described by Oppenheimer &
Volkoff (1939) as the point at which time stops. Finkelstein (1958) then extended this
description to include the point-of-view of an infalling observer, describing the surface
as a membrane that can only be traversed in one direction. We now refer to this
surface as the event horizon, marking the boundary layer beyond which particles
travelling at or below the speed of light would fail to escape the gravitational potential
in finite time.

It is possible to derive an approximate expression for the Schwarzchild radius within a
Newtonian framework. If we consider a particle of mass m acted upon by the
gravitational potential of a black hole of mass M, the Schwarzchild radius can be
inferred by equating the kinetic and potential energies of the particle when its velocity
is equal to the speed of light c - i.e;

GMm
Rs

=
1
2

mc2 −→ Rs =
2GM

c2 (1.4)

where G represents the gravitational constant. In the mid-20th century, Kerr (1963)
extended our understanding of Einstein’s field equations, showing that they support
point mass solutions with non-zero angular momenta. This discovery was significant
given that all astrophysical black holes are thought to possess some level of spin since
matter is unlikely to pass through the event horizon in perfect spherical symmetry.
While these solutions also predict an event horizon, the radius of it’s surface depends
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on the degree of spin experienced by the black hole, however, Eqn. 1.4 still serves as a
useful approximation.

1.4 Accretion

In order for matter to be transported across the event horizon of a black hole, it’s
angular momentum must first be transported outward (Salpeter, 1964; Zel’dovich,
1964). Accretion disks - which are ubiquitous in astrophysics and found surrounding
planets, stars and black holes - provide the turbulent viscosity required to dissipate
energy from the infalling matter via dynamical friction (Shakura & Sunyaev, 1973).

In the case of black holes, the accretion process is extremely efficient. By employing a
Newtonian description of gravity and our expression for the Schwarzchild radius
(Eqn. 1.4), we can derive an upper limit to the accretion efficiency of a compact object.
If we again assume that a particle of mass m is acted upon by the gravitational
potential of a black hole of mass M, we can express the maximum energy output of
accretion as;

⌈Eacc⌉ =
GMm

Rs

=
1
2

mc2
(1.5)

Hence, from the invariant mass equation (Einstein, 1905a,c), we know that the
maximum energy output of accretion is equal to half of the rest-mass energy of the
infalling particle. In practice, black-hole accretion is not 100 per cent efficient.
Consequently, it is estimated that just 10 per cent of the rest-mass energy can be
liberated via radiation before the accretion material passes over the event horizon
(Soltan, 1982; Yu & Tremaine, 2002). However, accretion onto compact objects
represents over an order of magnitude improvement in efficiency on stellar
nucleosynthesis - which manages to liberate just 0.7 per cent of the hydrogen nuclei’s
rest-mass energy during nuclear fusion.

1.4.1 The Eddington Limit

Given that photons have momenta (as discussed in Section 1.2), when electromagnetic
radiation is scattered, a radiative force is exerted on the scattering medium. It was
Eddington (1925) who first identified that there was therefore a limiting luminosity at
which an accreting body could emit before reaching radiative equilibrium. Let us
consider a point source of mass M which emits isotropically at a luminosity L. The
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outward force exerted on a particle of mass m at a radius r, due to radiation pressure,
can then be expressed as;

Frad = m
(︃

Lκ

4πr2c

)︃
(1.6)

Where κ is an opacity term. If we assume that the accreting material is comprised of
pure ionised hydrogen, the opacity term can be expressed as the ratio between the
Thomson cross-section and the mass of a proton3 - i.e. κ = σt/mp. To determine the
limiting luminosity LEdd, we can therefore equate Eqn. 1.6 to the Newtonian
expression for gravity, yielding;

m
(︃

LEddκ

4πr2c

)︃
= m

(︃
GM
r2

)︃
−→ LEdd =

4πGMmpc
σT

≃ 1.26 × 1038
(︃

M
M⊙

)︃
erg s−1

(1.7)

1.4.2 Radiation-driven winds

It is often helpful to express the accretion rate of a black hole as its Eddington ratio;

λEdd = L/LEdd (1.8)

Under the assumptions that the emission is isotropic and the plasma is fully ionised,
black holes whose luminosities exceed the Eddington Limit - i.e. λEdd ≳ 1 - will eject
material via winds and therefore starve themselves of accretion fuel.

Since the Eddington luminosity has an opacity dependence, it can be modified if we
introduce different plasma properties. For instance, should the plasma contain
partially ionised gas, the absorption cross-section for photons at specific frequencies
will exceed that of Thomson scattering (Murray et al., 1995; Proga et al., 2000). Given
that the temperature of SMBH accretion disks are of order ∼ 105 K, the radiation field
is largely dominated by UV/optical emission. Hence, should the partially ionised gas
support UV/optical line transitions, the Eddington Limit can be reduced by orders of
magnitude (Stevens & Kallman, 1990).

This effect is known as line driving and depends on a delicate balance between the
UV/optical flux and the far-UV/X-ray flux. Should the SED become too hard, the gas
becomes overionised and therefore loses its ability to drive winds (Stevens & Kallman,
1990). In Chapter 3, we examine how black-hole mass, accretion rate, luminosity, and

3A generally good assumption for astrophysical plasmas
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the ionising potential of the SED can influence line-driven disk winds. Similarly, in
Chapters 4 & 5, we examine how these properties influence dust-driven winds - which
arise when the opacity of the scattering medium is increased by the presence of dust at
large enough radii such that the ionising continuum does not destroy the dust grains.

1.5 Active Galactic Nuclei and quasars

The study of Active Galactic Nuclei (AGN) began in the mid-20th century. Seyfert
(1943) discovered high-excitation emission associated with the nuclei of several
nearby spiral galaxies - which we now know as Seyferts. However, the detection of
the first quasar would take another twenty years, with the publication of the Third
Cambridge Catalogue of Radio Sources (3C; Edge et al., 1959) laying the foundations
for their discovery.

Schmidt (1963) discovered that the radio source - 3C273 - had a quasi-stellar
(point-like) counterpart at rest-optical wavelengths. Furthermore, the optical emission
spectrum of 3C273 hosted Balmer lines with large off-sets towards the red - defined by
Eqn. 1.9;

1 + zsys =
λobs

λrest
(1.9)

where λobs and λrest are the observed and rest-frame wavelengths of a given spectral
feature and zsys is the corresponding systemic redshift. With a redshift zsys = 0.158,
Schmidt (1963) and 3C273 caught the attention of astronomers. Before long, optical
counterparts had been detected for hundreds of the radio sources in the 3C catalogue -
the most notable being 3C48, hosting an even more extreme redshift (zsys = 0.368)
than 3C273 (Greenstein, 1963).

With such large redshifts; 3C273, 3C48 and what we now know as quasars must be
located on cosmological scales. Consequently, quasars became the most luminous
non-transient sources in the known Universe, with luminosities in excess of
L ≈ 1046 erg s−1. In addition, 3C273 and 3C48 exhibit rapid variability at rest-optical
wavelengths, suggesting that the emission region is no larger than just a few
light-days. Owing to their extreme luminosities and compact emission regions,
astronomers quickly concluded that quasars are powered by accreting super-massive
black holes (SMBHs) - i.e. MBH ≳ 106 M⊙. It is now the consensus that all massive
galaxies undergo an ”active” phase, with the ubiquity of SMBH accretion first
proposed by Lynden-Bell (1969).
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1.5.1 Unification

The late-20th century witnessed a proliferation in the discovery of distinct AGN
populations. For instance, Sandage (1965) was the first to identify a substantial
population of radio-quiet AGN, which outnumber their radio-loud counterparts by at
least an order of magnitude. Moreover, many AGN host broad (σ > 1000 km s−1)
emission lines in species such as; C IV, Mg II and the Balmer Series - these are classified
as Type 1 AGN. In contrast, other populations, such as Type 2 AGN, display only
narrow-line emission.

The suite of emission line morphologies suggests that there exists a difference in the
line-of-sight projected velocity structure of the emitting material. Hence, the different
emission lines arise from different physical regions (Peterson, 2006). Broad emission
lines arise from sub-parsec scale gas, where their large velocity dispersions are
attributed to significant Doppler shifts caused by virial motion within the
gravitational potential of the SMBH. By similar reasoning, narrow emission lines are
thought to originate from kiloparsec-scale gas, consistent with their comparatively
modest velocity dispersions. This stratified structure to the ionised gas has been
confirmed via reverberation mapping (e.g. Clavel et al., 1991; Peterson, 1993; Bentz
et al., 2008; Shen et al., 2015; Yu et al., 2021, see Section 1.7.3 for details) - with broad
lines such as C IV situated on light-day to light-month scales.

Antonucci & Miller (1985)’s spectropolarimetry work demonstrated that, although
broad emission lines are absent in the direct spectra of Type 2 AGN, they are
detectable in polarized light. Evidence of obscured broad-line emission in Type 2
AGN prompted the development of a unified framework with which the diverse
observational characteristics of AGN could be explained. The first AGN unification
schemes (e.g. Antonucci, 1993; Urry & Padovani, 1995) invoked simple geometric
arguments and the presence or absence of a radio jet to explain the observations -
postulating that all AGN can be broadly described by the components illustrated in
Fig. 1.5.

In the Antonucci (1993) paradigm, AGN diversity arises from their axisymmetric
geometry and hence, our observations are dependent on their on-sky orientations. For
example, the dichotomy of Type 1 and Type 2 AGN can be considered an orientation
effect. Consequently, Type 1 AGN describe orientations in which the broad-line region
(BLR) gas is visible to an observer, whereas Type 2 AGN describe orientations in
which the BLR emission is obscured by a dusty toroidal structure. However, there still
remain many observations of AGN that are not well-understood. Hence, unifying
these disparate AGN populations and understanding the physics that drives such
diversity remains an active field in modern astronomy.
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FIGURE 1.5: An unscaled representation of the AGN phenomenon, with the different
sight lines that give rise the the various AGN populations high-lighted.
Credit: Beckmann & Shrader (2012), Fig.1.

More recent work builds on the Antonucci (1993) model by invoking evolutionary
effects to unify all AGN. For instance, Giustini & Proga (2019) have developed a
framework that incorporates an Eddington Ratio dependence, whereby the geometry
and opacity of the accretion disk varies with accretion rate and hence, the properties of
AGN can vary over time. Throughout this thesis, we will refer to luminous Type 1
broad-line AGN as ”quasars”. The evolution of the quasar geometry with both their
physical and wind properties is therefore a key theme of the thesis, explored in
Chapters 3, 4 & 5.

1.6 Black hole and galaxy co-evolution

1.6.1 Cosmic history: Star formation and black hole growth

It was Lilly et al. (1996) who identified that the co-moving luminosity density of the
Universe increases with redshift from 0.3 < zsys < 1. The Hubble Deep Field (HDF)
pushed observations deeper into the cosmic history of the Universe, enabling Madau
et al. (1996) to calculate the star formation rate densities (SFRDs) of galaxies up to
zsys ∼ 4 and discover a temporal evolution peaking at zsys ∼ 1 − 2. Subsequent work
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FIGURE 1.6: The cosmic history of star formation from far-UV and infrared measure-
ments up to zsys ∼ 8. The distribution can be described by a Salpeter function peaking
at zsys ∼ 2 - i.e. cosmic noon.
Credit: Madau & Dickinson (2014), Fig.9a.

(e.g. Madau et al., 1998) utilised UV observations to trace the most recent periods of
star formation in high-redshift galaxies. These observations confirmed that the SFRD
peaks at zsys ∼ 2 before dropping dramatically at higher and lower redshifts - as
illustrated in Fig. 1.6. Throughout this work, we refer to zsys ∼ 2 as cosmic noon - the
epoch during which star formation reached its maximum.

Interestingly, the peak epoch of black hole growth also occurs at cosmic noon, with the
number densities of the most massive SMBHs (i.e. MBH ≳ 109 M⊙) reaching their
maximum at zsys ∼ 2 before dropping exponentially. The number densities of
lower-mass SMBHs appear to peak at later epochs (zsys ∼ 1 − 2) even when adjusting
for survey incompleteness (Kelly et al., 2010). This delayed growth of lower-mass
SMBHs (as well as galaxies) is generally referred to as ”cosmic downsizing”.
Furthermore, the accretion rate density of black holes has been shown to closely trace
the cosmic star formation history of the Universe (Shankar et al., 2009). Given that the
peak epoch of black hole growth coincides with the peak epoch of star formation, it is
widely considered that the two processes are linked (see review article; Heckman &
Best, 2014).
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FIGURE 1.7: The black hole mass versus the central velocity dispersion σc (solid circles)
or the rms velocity vrms (open circles) of the host galaxy. Crosses represent lower limits
in vrms. The solid and dashed lines represent the ”best-fits” in σc and vrms, respectively.
Credit: Ferrarese & Merritt (2000), Fig.2.

1.6.2 AGN feedback

The ubiquity of SMBHs was first observed by Magorrian et al. (1998) - identifying that
almost all massive galaxies host a SMBH at their centre. In addition, the masses of
these SMBHs are tightly correlated with the mass of their host galaxy bulge.
Subsequent work has shown that SMBH masses also correlate with the stellar velocity
dispersion of host galaxy bulges - well beyond the region in which the gravitational
potential of the SMBH dominates (Ferrarese & Merritt, 2000; Gebhardt et al., 2001;
Kormendy & Ho, 2013). This empirical correlation, known as the M − σ relation, is
illustrated in Fig. 1.7.

The M − σ relation supports the idea of symbiotic growth between SMBHs and their
host galaxies. Co-evolution frameworks (e.g. Fabian, 2012; Alexander & Hickox, 2012;
Harrison, 2017) often invoke AGN feedback to explain observations. In these
frameworks, the energy of the AGN is injected into the ISM of the surrounding host,
regulating the AGN fuelling process as well as star formation in the bulge.
Cosmological simulations have also demonstrated that feedback processes are pivotal
to explaining a multitude of other observables - e.g. the shape of the galaxy
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luminosity and stellar mass functions (Cole et al., 2001; Benson et al., 2003; Huang
et al., 2003; Somerville et al., 2008; Schaye et al., 2015) as well as the observed
morphologies and colours of present-day galaxies (Dubois et al., 2016; Pillepich et al.,
2017). As a result, uncovering the nature of AGN feedback has become a central focus
in present-day astrophysics.

AGN feedback is generally classified into two distinct ”modes” - (i) radiative-mode
feedback and (ii) kinetic-mode feedback. In current models of AGN feedback, this
dichotomy is broadly attributed to the accretion rate - the radiative mode corresponds
to high accretion rates and radiative efficiency, while the kinetic mode is associated
with the converse (e.g. Giustini & Proga, 2019). However, this is likely a simplification,
as multiple signatures of AGN feedback have been observed in both ”modes”.

Radiative mode feedback is characterised by powerful outflows and the
photoionisation/excitation of the surrounding gas. These outflows are launched from
the innermost regions of the AGN and transport energy and material away from the
central engine (Silk & Rees, 1998; Fabian, 1999; King, 2003; Murray et al., 2005;
Ishibashi & Fabian, 2022). Hence, AGN-driven outflows are detected across multiple
gas phases and therefore extend well beyond the region in which the gravitational
potential of the SMBH is dominant (Crenshaw et al., 2003; Rupke & Veilleux, 2011;
Herrera-Camus et al., 2019; Fluetsch et al., 2021). However, while generally associated
with radiatively efficient systems, outflows may also result from thermally driven
winds - launched from radiatively inefficient systems due to effects of X-ray heating
(e.g. Begelman et al., 1983). Kinetic mode feedback refers to the transfer of thermal
energy from the AGN into the ISM of the host (Binney & Tabor, 1995; Churazov et al.,
2000; Fabian et al., 2003), quenching star formation by inhibiting the condensation of
the surrounding gas and dust. This mode of feedback is often associated with the
presence of powerful radio jets (Fabian, 2012; Morganti et al., 2013; Heckman & Best,
2014), however, radio emission has also been observed in radiatively efficient systems
(e.g. Fawcett et al., 2023, 2025).

The mechanism by which AGN feedback couples to the host galaxy’s ISM is not fully
understood. Recent literature proposes that we should consider the AGN
phenomenon as an event rather than persistent astronomical objects (e.g. Schawinski
et al., 2015). Given that the ”duty cycle” of an accretion event may be far shorter than
that of star formation (Hickox et al., 2014), estimating the impact of a single accretion
event on galaxy evolution becomes challenging. Instead, the effects of feedback
should be considered as the cumulative impact of multiple phases, each varying in
their efficiency at coupling with the host. The coupling of feedback to the surrounding
environment has a number of determining factors - such as the luminosity of the
AGN, the orientation of the outflows and jets, the black hole spin and the ”duty cycle”
(Blandford & Znajek, 1977; Cicone et al., 2014; Garcı́a-Burillo et al., 2021; Temple et al.,
2023). Given the complexity of the problem, a multi-wavelength approach is required
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to gain the most holistic view of AGN feedback. This is the primary theme of the
thesis, discussed comprehensively in Chapters 3, 4 & 5.

1.6.3 Merger-driven co-evolution & red quasars

It is likely that most massive galaxies have undergone at least one major merger to
account for the mass distribution of massive galaxies in the local Universe (Conselice
et al., 2003; López-Sanjuan et al., 2012). Such events are expected to be most frequent
during cosmic noon (Bluck et al., 2009; Man et al., 2012) - a period marked by rapid
black-hole growth and star formation, when galaxies were most gas-rich and their
spatial densities were at their peak.

Many major merger simulations predict an obscured quasar phase (e.g. Di Matteo et al.,
2005; Hopkins et al., 2005; Hopkins et al., 2008). In this paradigm, rapid gas inflow to
the nucleus fuels a powerful quasar while simultaneously inducing a starburst. These
starburst galaxies are shrouded in dust, appearing as either ultra-luminous infrared
galaxies (ULIRGs) or sub-mm galaxies (SMGs) (Veilleux et al., 2009; Simpson et al.,
2014). However, the same gas supply that fuels the star formation is also responsible
for fuelling accretion onto the initially dust-obscured SMBH (Granato et al., 2004; Di
Matteo et al., 2005; Hopkins & Elvis, 2009).

The presence of dust has the potential to make radiatively driven outflows more
efficient (e.g. Costa et al., 2018; Ishibashi et al., 2017; Ishibashi & Fabian, 2022) while
simultaneously reddening the quasar - as discussed in Section 1.2.5. Hence, powerful
feedback processes in red quasar4 populations are expected to couple energy and
momenta from the accreting SMBH to the host galaxy ISM, quenching star formation
during a ”blow-out” phase (Fabian, 2012; Harrison & Ramos Almeida, 2024). Testing
this merger-induced ”blow-out” framework is the primary focus of Chapters 4 & 5,
where we attempt to better understand the role of the obscured quasar phase in the
assembly of massive galaxies at zsys ∼ 2 − 3.

1.7 Quasars from large surveys

The 21st century has witnessed a data explosion driven by large-area surveys in the
optical regime. The Sloan Digital Sky Survey (SDSS; York et al., 2000) was the first such
survey, with the DR16Q catalogue containing ∼ 750, 000 quasars with redshifts;
0 < zsys ≲ 5.0 (Lyke et al., 2020). At present, the Dark Energy Spectroscopic
Instrument (DESI; Alexander et al., 2023) aims to increase quasar sample sizes to

4In this context, we define ”red quasars” as any quasar whose continuum has been attenuated - be that
by gas or dust extinction. There are, in-fact, numerous definitions of a ”red quasar” which are discussed
explicitly in Chapters 4 & 5
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∼ 3 × 106, extending large statistical samples to zsys ∼ 6.0 with total sky densities
approaching 200 deg−2 (Yèche et al., 2020). Such large samples have enabled the
robust statistical analyses of high-redshift quasars, leveraging both photometric and
spectroscopic data sets to investigate their rest-frame UV emission properties (e.g.
Richards et al., 2011; Baskin et al., 2015; Rankine et al., 2020; Temple et al., 2023).

In addition to large optical surveys, there have been many campaigns that select AGN
in the X-ray, utilising narrow ”pencil-beam” surveys such as Chandra Deep
Field-North (CDF-N; Vignali et al., 2002) and Chandra Deep Field-South (CDF-S; Luo
et al., 2017) as well as wider/shallower campaigns such as the SWIFT AGN Clustering
Survey (SACS; Dai et al., 2015) and the eROSITA All-Sky Survey (eRASS1; Merloni
et al., 2024). Given that hard X-rays can penetrate even the densest gas columns
(NH > 1022 cm−2), X-ray observations can provide a near complete census of the AGN
population and are therefore complementary to UV/optical observations of red
quasars (e.g. Lansbury et al., 2020). Furthermore, their high penetration power enables
the study of the very high redshift regime, placing high-redshift constraints on the
quasar luminosity function which is key to understanding the evolution of galaxies in
the early Universe (e.g. Barlow-Hall et al., 2023).

Radio observations have also been used to identify AGN and quasars (e.g. Ching et al.,
2017; Magliocchetti et al., 2018; Hardcastle et al., 2025) - indeed, as discussed in Section
1.5, the discovery of such objects is directly linked to the Third Cambridge Catalogue
of Radio Sources (3C; Edge et al., 1959). Given that the radio regime traces synchrotron
emission, it can be used to observe the true extent and power of vast radio jets
(Jennison & Das Gupta, 1953; Fabian, 2012; Harrison et al., 2014), making the radio
fundamental to our understanding of the impact of AGN on their host galaxies and
environments (e.g. Binney & Tabor, 1995; Fabian et al., 2003). However, recent studies
of red quasar populations suggest that many are ”radio-intermediate” sources - whose
radio emission originates from shocks caused by dusty outflows as they interact with
the interstellar medium of the quasar host (e.g. Fawcett et al., 2020, 2025).

The latest and upcoming generation of astronomical surveys will utilise a multitude of
selection techniques to push towards more diverse quasar populations. For instance,
multi-wavelength selection techniques using both mid-infrared, near-infrared and
optical observations have been used to target redder AGN than those observed by
optically-selected surveys (e.g. Eisenhardt et al., 2012; Glikman et al., 2012; Banerji
et al., 2012, 2013, 2015; Assef et al., 2015). In addition, the Vera Rubin Observatory’s
Legacy Survey of Space and Time (LSST; Ivezić et al., 2019) will enable
variability-based selections of AGN, pushing to the fainter end of the quasar
luminosity function (Bauer et al., 2023). This huge volume of data is set to
revolutionise our understanding of AGN and galaxy evolution over the coming years.
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1.7.1 Magnitudes and flux

The use of ”magnitudes” to describe the apparent brightness of astronomical objects
has ancient origins, however, the first formalised description is generally credited to
Pogson (1856). In this formalism, a logarithmic scale is used to define the apparent
brightness of a source - with 5 magnitudes corresponding to a factor of 100 difference
in brightness - i.e;

mPogson = −5 log100

(︃
F
F0

)︃
= −2.5 log10

(︃
F
F0

)︃ (1.10)

where F is the integrated flux of a source through a given photometric filter and F0 is
the zero point - i.e. the equivalent integrated flux of a spectrum defined to have zero
magnitude. In the AB system, the zero point is defined by a flat reference spectrum,
hence, Eqn. 1.10 becomes;

mAB = −2.5log10

(︄ ∫︁
λ
hc Fλ Si,λ dλ∫︁

λ
hc F 0

AB,λ Si,λ dλ

)︄
(1.11)

where Si,λ is the filter transmission curve evaluated at a given wavelength,
F 0

AB,λ = c F 0
AB,ν /λ, c is the velocity of light and F 0

AB,ν = 3.631 × 10−20

erg s−1 cm−2 Hz−1 (Equations 11 & 12; Girardi et al., 2002). Throughout this thesis, we
use AB magnitudes unless otherwise stated.

1.7.2 Spectral energy distributions

The AGN phenomenon produces a broad spectral energy distribution (SED), with
different physical components dominating the emission at various wavelengths - an
illustration of which is presented in Fig. 1.8. For a ”typical” AGN - e.g.
λEdd ∼ 0.1, MBH ∼ 108−9 M⊙ - the accretion disk can be considered optically thick and
geometrically thin (Shakura & Sunyaev, 1973). As such, the disk is generally modelled
by a multi-temperature Blackbody (e.g. Li et al., 2005; Zimmerman et al., 2005; Temple
et al., 2021b), peaking in the far-UV and producing a power-law continuum across the
rest-UV/optical wavelengths (Cheney & Rowan-Robinson, 1981; Vanden Berk et al.,
2001; Davis et al., 2007) - i.e. Fig. 1.8, blue. While the exact geometry and composition
of the dusty torus remain uncertain, as discussed in Section 1.5.1, it is understood that
the ionizing quasar continuum is absorbed by surrounding dust and re-emitted in the
infrared (e.g. Antonucci, 1993). The sublimation temperature of the dust depends on
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FIGURE 1.8: A schematic representing the various constituents of a ”typical” AGN
SED. We note that changes to the accretion rate, SMBH mass and/or dust properties
can significantly alter the observed SED of an AGN.
Credit: Harrison (2014), Fig.1.2.

the grain composition, with the innermost edge of the torus emitting at ∼ 2µm
(Barvainis, 1987) and a greybody spectrum often used to describe cooler dust
components (Fig. 1.8, red).

The hot corona (Fig. 1.8, cyan) dominates the X-ray regime and is comprised of a
super-heated (T ∼ 109 K) plasma close to the SMBH. This sea of hot electrons can
therefore Compton up-scatter UV/optical photons emitted by the accretion disk to
extremely high energies, producing a power-law continuum (Haardt & Maraschi,
1991; Fabian et al., 2015). Finally, typical SED shapes for ”radio-loud” and
”radio-quiet” AGN are also presented in Fig. 1.8 (yellow) highlighting the presence or
absence of radio jets, respectively. However, other sources of radio emission such as
shocks caused by dusty outflows in red quasars are beginning to break this
dichotomy, with many ”radio-intermediate” sources now being discovered with
LOFAR (Fawcett et al., 2020, 2025).

Since AGN SEDs encode key information about the accretion physics of SMBHs, their
interaction with the surrounding galactic environment, and the geometry and
composition of circumnuclear dust, they serve as a powerful diagnostic tool for
investigating AGN feedback and its role in massive galaxy assembly. In Chapters 4 &
5, we explore how quasar SEDs can be leveraged to gain a better insight into the red
quasar phase and its significance in massive galaxy evolution.



1.7. Quasars from large surveys 23

1.7.3 Black hole masses

Given that black holes lack an intrinsic electromagnetic signature, studying the
kinematics of material in orbit close to a SMBH remains one of the primary techniques
for inferring black-hole masses. Under the assumption that the kinematics of the
material is dominated by virial motions about the gravitational potential of the SMBH,
we can attribute the widths of spectroscopic features to Doppler broadening and
express the black-hole mass via Eqn. 1.12;

M =
f v2R

G
(1.12)

where v is the velocity of the material at a radius R and f represents the virial factor -
used to empirically translate the chosen line diagnostic to a virial velocity. Therefore,
the main challenge is to infer the spatial distribution of the material in orbit of the
SMBH - i.e. estimate R - however, even in the local Universe, material near the event
horizon of a SMBH is unresolvable by observations - with M87* and SgrA* being
notable exceptions (Event Horizon Telescope Collaboration et al., 2019, 2022).

In the Milky Way, high-resolution interferometry has been exploited to model the
orbits of nearby stars to determine the mass of its SMBH (e.g. GRAVITY Collaboration
et al., 2022) - although, this method is not viable in AGN, where their emission is
dominated by an accretion disk. Instead, we must utilise the kinematics of the ionised
gas in the broad-line region to estimate the black-hole masses of AGN. The size of the
BLR can also be inferred via high-resolution interferometry (e.g. GRAVITY
Collaboration et al., 2020, 2022), however, this requires that the BLR is sufficiently
bright to yield a strong enough signal-to-noise. As such, this technique is generally
limited to local AGN - with the exception of the luminous cosmic noon quasar SDSS
J092034.17+065718.0, whose BLR has been velocity mapped with GRAVITY+ (Abuter
et al., 2024).

Another method of inferring black-hole masses, is reverberation mapping to
determine the black-hole masses of AGN (e.g. Clavel et al., 1991; Peterson, 1993; Kaspi
et al., 2000, 2005; Bentz et al., 2008; Shen et al., 2015; Yu et al., 2021) - a technique that
uses the time delay between stochastic variations in the AGN continuum and the
broad emission-line response to estimate the size of the BLR. Reverberation mapping
experiments have shown that the radius of the broad-line region correlates tightly
with the optical continuum luminosity of an AGN. The so-called RBLR-L relation is
best described by a power-law, with a slope ∼ 0.5, and can be used to estimate the
masses of SMBHs from a single-epoch spectrum (Kaspi et al., 2000, 2005; Bentz et al.,
2009). This is particularly important since multi-epoch observations of AGN are
time-expensive, meaning reverberation mapping studies have targetted only modest
sample sizes and do not yet extend to cosmic noon (although there are several
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campaigns expected to address this in the era of LSST - e.g. TiDES-RM Swann et al.
(2019)). We can therefore define the mass of a SMBH with Eqn. 1.13;

M = M0

(︃
L
L0

)︃0.5 (︃ σ

σ0

)︃2

(1.13)

where σ denotes the velocity dispersion of a given emission line and L represents the
monochromatic continuum luminosity at a nearby wavelength. The constants
M0 L0 & σ0 are calibration parameters specific to the emission line diagnostic
employed. By extrapolating the RBLR-L relation to higher luminosities it is also
possible to estimate black-hole masses for high-redshift quasars, though such
estimates typically carry substantial systematic uncertainties (∼ 0.5 dex; Vestergaard
& Peterson, 2006). The specific form of Eqn. 1.13 applied in Chapters 3 & 4, along with
the corresponding uncertainties, are discussed in detail within their respective
chapters.

1.7.4 Outflows

Quasar spectroscopy serves as an essential diagnostic tool for characterising outflow
kinematics across multiple gas phases, however, in this thesis we focus on the ionised
component of the gas. Should the line-of-sight of an observer intersect the streamline
of an outflow, one would expect to observe blueshifted line emission due to the
Doppler effect. Since the accretion disk of a Type 1 AGN is orientated in roughly the
same plane as the sky and taken to be optically thick, the redshifted emission from any
receding component to the outflow is obscured. Consequently, asymmetric line
profiles with an excess in flux towards the blue are observed.

One such line is the high-ionisation (64eV) C IVλλ1548, 1550 emission, often employed
to trace pc-scale winds in the broad-line region gas, hosting line profiles skewed by up
to 5000 km s−1 relative to the systemic redshift (e.g. Richards et al., 2011; Coatman
et al., 2016; Rankine et al., 2020; Temple et al., 2024). Additionally, in certain conditions,
C IV has been known to host high-velocity broad absorption line (BAL) troughs,
tracing material with outflow velocities ≳ 10, 000 km s−1 with respect to systemic
(Rankine et al., 2020).

In low-density ionised gas - e.g. ne ∼ 103 cm−3 - the forbidden [O III]λλ4960, 5008
emission are commonly used to trace AGN-outflows (Baskin & Laor, 2005). Indeed,
the [O III] emission frequently exhibit asymmetric line profiles skewed towards the
blue (e.g. Boroson, 2005; Aoki et al., 2005). Unlike the broad, high-velocity C IV

emission, the [O III] typically displays much narrower line profiles, with Full-Width at
Half-Maxima (FWHM) of order 1000 km s−1 in luminous quasars. Consequently,
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FIGURE 1.9: Relationship between the C IV blueshift (∆V = V50 −Vpeak) and the [O III]
blueshift (∆V = V10 − Vpeak) for a sample of luminous blue quasars.
Credit: Coatman et al. (2019), Fig.10.

blueshifted [O III] is generally interpreted as a signature of narrow-line region winds,
extending to kiloparsec scales.

Recent work by Coatman et al. (2019) identified a correlation between the outflow
velocities of multi-scale winds, independent of quasar luminosity and black-hole mass
(Fig. 1.9). Should outflows launched on the parsec-scale propagate to the kiloparsec
scale, quasar-driven winds are likely to interact with the host galaxy ISM. The
implication is that radiative mode feedback is a crucial tool for developing the SMBH
scaling relations we observe in present-day galaxies. Hence, in Chapters 3 & 4, we
exploit both broad and narrow line diagnostics for the study of ionised gas flows and
their role in facilitating AGN feedback.
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Chapter 2

Spectroscopic reconstructions of
blue SDSS quasars

”hmm... Their [re]construction should be exceedingly simple, I think”

The Nightmare Before Christmas
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2.1 Introduction

The increase in the size of large spectroscopic samples of high-redshift (zsys > 1.5)
quasars, with rest-frame ultra-violet (UV) spectra has been rapid over the past decade.
The Sloan Digital Sky Survey (SDSS) DR7 catalogue (Schneider et al., 2010) enabled the
study of ∼ 105, 000 rest-frame UV to optical quasar spectra, from which Shen et al.
(2011) constructed a comprehensive catalogue of line properties. With subsequent
SDSS data releases and the introduction of the BOSS spectrograph, the SDSS DR16Q
catalogue now contains over 750,000 quasars (Lyke et al., 2020), marking a near order
of magnitude increase from DR7. Looking to ongoing and upcoming quasar surveys,
these numbers are continuing to rapidly increase and push to less optically luminous
populations, as well as increasing the numbers at high-redshifts - e.g. the Dark Energy
Spectroscopic Instrument (DESI; Alexander et al. 2022), which has an expected quasar
target density of ≳ 5× that in SDSS DR7.

The emergence of large statistical samples of quasars at cosmic noon has enabled
astronomers to robustly characterise their emission properties. For instance, there
exists an anti-correlation between the C IVλλ1548, 1550 equivalent width and line
blueshift (Hereafter: the ”C IV emission space”; Richards et al., 2011, Fig. 2.1). This
relationship is seen to persist in both BAL and non-BAL quasars (e.g. Rankine et al.,
2020) and has been shown to be linked to their broader SED properties - such as the
ionising potential of the SED (e.g. Temple et al., 2024, see Chapter 3 for a complete
discussion). Furthermore, as discussed in Chapter 1, blueshifted C IV can also be used
to trace the prevalence of outflows in the broad-line region. Many studies of AGN
feedback at zsys = 5 − 7 suggest that broad-line region outflows are far stronger in
early quasar populations than at cosmic noon (e.g. Mortlock et al., 2011; Man et al.,
2019; Schindler et al., 2020). Hence, any evolution of the trends observed in the C IV

emission space with redshift can help explain the role of AGN feedback in massive
galaxy evolution.

Due to their relatively low signal-to-noise ratios, there exists thousands of SDSS
quasar spectra at 3.5 < zsys < 4.0 that remain difficult to robustly incorporate into the
C IV emission space - e.g. the median continuum signal-to-noise of the SDSS sample at
zsys ∼ 2 is ∼ 6.4 (Rankine et al., 2020), compared to ∼ 4.9 at 3.5 < zsys < 4.0. However,
harnessing these spectroscopic data is crucial to enable robust studies of the rest-frame
UV line properties of high-redshift quasars and bridge the gap between cosmic noon
and the very high-redshift Universe, without the need to rely solely on sample
averages (e.g. Meyer et al., 2019). The primary aim of this chapter is therefore to
reconstruct these lower signal-to-noise SDSS quasar spectra at high redshift, to enable
a robust investigation into the redshift evolution of their rest-UV emission-line
properties across large statistical samples.
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FIGURE 2.1: The C IV emission space for the 1.5 < zsys < 3.5 SDSS quasars. The blue
distribution represents the non-BALs and the red distribution represents the BALs.
Marginalised distributions of the C IV blueshift and EW are also shown. Density con-
tours encircle 68, 50 and 25 per cent of the sample, respectively. Both populations
exhibit the classic ”banana” shape.
Credit: Rankine et al. (2020), Fig.8.

Throughout this work, our lower redshift comparison sample on which we base our
results is drawn from Rankine et al. (2020), covering the redshift range 1.5 < zsys < 3.5.
Objects whose redshifts cover 1.5 < zsys < 2.65 have also been analysed by Temple
et al. (2023), meaning they have robust SED properties available. To minimise bias, it is
crucial that the high-redshift quasar sample is treated identically to the cosmic noon
reference quasars. To ensure this, we therefore explore the same non-parametric
approach to spectral reconstruction already exploited in Rankine et al. (2020), called
Mean-field Independent Component Analysis (MFICA).

In addition to accurate spectroscopic reconstructions, robust line-property
measurements will require the availability of accurate systemic redshifts estimates for
the high-redshift quasars. Given the limited spectral coverage above zsys ∼ 3.5 in
SDSS, the SDSS pipeline becomes increasingly dependent on the C IV emission line -
which is seldom at systemic - to inform the redshift estimates. Calculating revised
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systemic redshifts for the high-redshift quasar sample is another central objective of
this chapter. At zsys < 4.0, the C III]λ1908 complex is within the observed wavelength
coverage of SDSS, hence, we can improve the systemic redshift estimates from the
SDSS pipeline using the rest-UV spectra alone. This is crucial because while rest-frame
optical emission lines or, even better, host galaxy ISM lines are the gold standard for
systemic redshifts, they require either NIR spectroscopic follow-up or ALMA
follow-up, which is not feasible for samples of thousands of quasars.

The structure of this chapter is as follows. In Section 2.2 we present the selection of the
3.5 < zsys < 4.0 quasar sample from SDSS. The subsequent post-processing is then
explored in Section 2.3. Finally, in Section 2.4 we describe the spectral reconstruction
recipe used to reproduce essentially ”noise-free” SDSS quasar spectra, from which
robust line properties can be calculated.

2.2 Sample Selection

Our quasar sample is drawn from the final installment of the Sloan Digital Sky Survey
IV (SDSS-IV) quasar catalogue, otherwise referred to as the sixteenth data release of
the extended Baryon Oscillation Spectroscopic Survey (eBOSS; Dawson et al., 2016).
The catalogue, which we will refer to as DR16Q, is comprised of 750,414 quasars,
including the ∼526,000 known quasars from SDSS-I/II/III and a further 225,082
quasars new to SDSS catalogues (Lyke et al., 2020). We select a sample of 2775
non-BAL quasars (BAL probability≤0.7) in the redshift range 3.5 < zsys < 4.0 from the
DR16Q quasar catalogue, which have a median signal-to-noise ≥ 3.0 per pixel in the
rest-frame interval 1265-1950Å. Above zsys > 4 the numbers of quasars in DR16Q are
relatively small precluding a statistical analysis of their UV line demographics.
Furthermore at zsys > 4 the C III] emission line complex redshifts out of the SDSS
observed wavelength range, which means systemic redshift estimates based solely on
rest-frame UV spectra, becomes increasingly unreliable (Hewett & Wild, 2010; Wu &
Shen, 2022). We therefore restrict our sample to 3.5 < zsys < 4.0.

We follow a routine similar to that described by Hewett & Wild (2010) and later
adopted by Coatman et al. (2016, 2017) and Rankine et al. (2020) to remove narrow
absorption features and sky line residuals from the spectra. First, we define a 61-pixel
median filtered pseudo-continuum. We then exclude any pixels that fall within 6Å of
the strong night-sky emission lines at 5578.5Å and 6301.5Å . Pixels that fall below 2σ

of the pseudo-continuum are regarded as narrow line absorption features and hence
removed from the spectrum with a grow radius of two pixels. The removed pixels are
consequently replaced by their corresponding pixel in the pseudo-continuum

spectrum.
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2.3 Improving SDSS systemic redshift estimates

The accuracy to which the SDSS pipeline estimates the systemic redshift of quasars
has greatly improved since DR7 (Shen et al., 2011). The DR16Q catalogue includes a
number of redshift estimates for each quasar (Lyke et al., 2020) e.g. automated
classifications from the SDSS spectroscopic pipeline, visual inspection estimates
(which reveal that only 2.1% of the automated classifications result in a catastrophic
failure) and redshifts based on principal component analysis (PCA) (Lyke et al., 2020).
Accurate systemic redshifts are crucial to our study and we therefore calculate
updated systemic redshifts for our sample of high-redshift quasars.

A visual inspection of all 2775 3.5 < zsys < 4.0 non-BAL quasar spectra shows that 244
quasars do not show clear broad emission line features and we therefore consider
these objects to be misclassified, leaving 2,531 quasars remaining. This number
represents a larger fraction of misclassified objects than those found among all SDSS
quasar targets (Lyke et al., 2020). We define zSDSS as the ’primary’ redshift presented in
DR16Q, defined by either visual inspection or automated classifications. For our
sample, zSDSS = zVI for 2,527 quasars and zSDSS = zAUTO for the remaining 4 objects.
Nevertheless, these redshift estimates do not as yet account for the systematic velocity
offsets between different quasar emission lines as a function of the UV emission line
morphologies. This becomes increasingly true at high redshifts, where the
C IVλλ1548, 1550 emission line begins to dominate the redshift estimates.

To improve the systemic redshift estimates, we adopt a filtering and ‘cross-correlation’
scheme as described in section 4.2 of Hewett & Wild (2010). There are two key
differences compared to Hewett & Wild (2010). First, we employ 33 high
signal-to-noise composite spectra. The composite spectra are generated using median
stacks of individual SDSS quasar spectra whose systemic redshifts are calculated
using the 1600-3000Å wavelength region, including the C III] emission complex and
the Mg IIλλ2706, 2804 emission line. The 33 composite spectra span the full range of
C IV emission morphologies in equivalent-width and blueshift space, as illustrated in
Fig. 2.2. The properties of the composite spectra are summarised in Table 2.1. Second,
the cross-correlation between each template and an individual quasar spectrum is
performed with the quasar redshift as a free parameter. Finally, we create a bespoke
template from the weighted mean of the seven composite spectra with the largest
cross-correlation values, using the cross-correlation coefficients as the weights, and
perform one last cross-correlation with the individual spectrum, again with the
redshift as a free parameter.
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TABLE 2.1: We present estimates of the average signal-to-noise, C IV EW and C IV blueshift for the 33 high signal-to-noise composite spectra used to
correct the systemic redshifts of our sample. The signal-to-noise estimates are calculated assuming the individual spectra have a median continuum
signal-to-noise ∼ 5. We also provide filenames for the composites, which are available as online only supplementary material, in addition to the
total number of spectra used to construct them. 62,464 quasar spectra were used in total.

Filename No. of Spectra Signal-to-noise C IV EW [Å] C IV blueshift [km s−1]

mc 00000500 hew500.fits 500 110 113 197
mc 00000500 lew500p1.fits 5460 370 33.5 404
mc 00000500 lew500p2.fits 5461 370 46.3 336
mc 00000500 lew500p3.fits 5461 370 58.8 336
mc 00000500 lew500p4.fits 5459 370 76.8 266
mc 00000500 lew500.fits 500 110 21.7 404
mc 05001000 hew500.fits 500 110 83.6 680
mc 05001000 lew500p1.fits 3942 310 28.1 887
mc 05001000 lew500p2.fits 3942 310 35.0 887
mc 05001000 lew500p3.fits 3942 310 42.7 818
mc 05001000 lew500p4.fits 3942 310 55.9 749
mc 05001000 lew500.fits 500 110 20.7 818
mc 10001500 hew500.fits 500 110 58.1 1162
mc 10001500 lew500p1.fits 2402 250 26.4 1369
mc 10001500 lew500p2.fits 2403 250 31.2 1369

Continued on next page
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Table 2.1 – continued from previous page

Filename No. of Spectra Signal-to-noise C IV EW [Å] C IV blueshift [km s−1]

mc 10001500 lew500p3.fits 2403 250 39.3 1300
mc 10001500 lew500.fits 500 110 19.8 1300
mc 15002000 hew500.fits 500 110 39.8 1712
mc 15002000 lew500p1.fits 841 150 23.4 1781
mc 15002000 lew500p2.fits 840 150 26.6 1850
mc 15002000 lew500p3.fits 842 150 30.2 1850
mc 15002000 lew500.fits 500 110 19.9 1781
mc 20002500 010025.fits 799 140 20.6 2330
mc 20002500 025050.fits 674 130 28.4 2330
mc 25003000 all.fits 744 140 20.3 2809
mc 30006000 all.fits 577 120 18.1 3219
mc m05000000 hew500.fits 500 110 111 -148
mc m05000000 lew500p1.fits 1647 200 39.9 -78.8
mc m05000000 lew500p2.fits 1647 200 53.7 -78.8
mc m05000000 lew500p3.fits 1647 200 67.4 -78.8
mc m05000000 lew500p4.fits 1647 200 80.4 -148
mc m05000000 lew500.fits 500 110 27.1 -148
mc m10000500 all.fits 742 140 54.9 -562
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FIGURE 2.2: The left-hand panel shows the C IV blueshift versus equivalent width for the 3.5 < zsys < 4.0 quasar sample with the locations of the
33 high signal-to-noise templates used in the cross-correlation algorithm to calculate systemic redshifts. The spectra for templates at the extremes
of the C IV emission space are also presented on the right. The high C IV EW and low C IV blueshift template (top right) features a strong symmetric
C IV line profile. Conversely, the low C IV EW and high C IV blueshift template (bottom right) features both a weak and asymmetric C IV line profile
and stronger Si III] relative to C III]. Accounting for these systematic changes in the SEDs as a function of the C IV line properties is critical to
producing accurate systemic redshifts.
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Figure 2.2 (right) depicts two templates from the top-left and bottom-right of the C IV

emission space shown in Fig. 2.2 (left). The main difference in our approach to the
estimation of systemic redshifts employing the C IV emission line is the use of
templates that span the full range of emission line morphologies. The SDSS scheme
employing their principal component analysis five-components, for example, does not
have the capability to reproduce the full range of quasar UV SEDs, particularly at the
extremes of the CIV emission-line space. We present composite spectra for objects
with systemic redshift corrections -800 km s−1 < δv < −600 km s−1 or
600 km s−1 < δv < 800 km s−1 in Fig. 2.3.

Figure 2.3 illustrates that the systemic redshifts have dramatically improved with
respect to the initial SDSS estimates. The centroids of the semi-forbidden Si III]λ1892
and C III] emission are more consistent with the rest-frame wavelengths, after a
correction to the systemic redshift was applied (Fig. 2.3 blue). This is in contrast with
the C IV emission since semi-forbidden lines are produced at larger radii and should
therefore not be present in outflows. We also note a similar effect in the higher energy
O I] λ1306, C II] λ1335 and Si IV] λ1398 emission lines as well as the He II λ1640 and
O III] λ1665 complex.

We compare the systemic redshifts presented in DR16Q with the corrected redshifts,
from this work, in Fig. 2.4. We find that 781 objects require systemic redshift
corrections in excess of 500 km s−1, 244 of which are in excess of 1000 km s−1,
corresponding to ∼ 31 per cent and ∼ 10 per cent of the sample, respectively. We find
tentative evidence that suggests a bias towards lower systemic redshifts within the
SDSS pipeline, most likely a result of the tendency of the C IV emission to exhibit
blueshifts with respect to systemic. However, we find no evidence to suggest a bias in
δv with systemic redshift.
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FIGURE 2.3: Composites of quasar spectra with redshift corrections -800 km s−1 < δv < −600 km s−1 or 600 km s−1 < δv < 800 km s−1. We present
composites before a redshift correction is applied (red) and afterwards (blue). The corrected composites (blue) align with the lower ionisation lines,
such as O I, C II, Si IV] and O IV far more convincingly than when the original SDSS systemic redshifts are used.
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FIGURE 2.4: The difference between the systemic redshifts presented in DR16Q
and their corresponding corrected redshifts, as a function of their corrected redshift.
Quasar spectra with δv > 0 km s−1 have been blueshifted with respect to the initial
SDSS systemic redshift estimates. We estimate ⟨δv⟩ ≃ −210 ± 180 km s−1.

2.3.1 Systemic redshift dependence on rest-frame wavelength range

A key aim of this work is to ensure that quasar samples across the entire redshift
range, 1.5 < zsys < 4.0, have been analysed with the same methodologies for
line-fitting and inference of quasar physical properties. However, at high-redshifts of
3.5 < zsys < 4.0, the SDSS spectrum covers a more limited rest-frame wavelength
range compared to quasars at 1.5 < zsys < 2.65. In this chapter we truncated the
3.5 < zsys < 4.0 spectra at 2000Å before estimating systemic redshifts and
reconstructing the line profiles, due to the poor signal-to-noise quality towards the
red-most end of the SDSS observed wavelength range.

To assess the impact of the restricted wavelength range on systemic redshift estimates,
we first construct a luminosity-matched control sample drawn from Rankine et al.
(2020) for which SED properties have already been calculated by Temple et al. (2021a) -
for a full discussion on how SED properties are calculated see Section 3.2.2, Chapter 3.
We use a minimisation recipe which matches our 3.5 < zsys < 4.0 quasars to their
”nearest neighbour” in the 1.5 < zsys < 2.65 control sample. We then construct a
random sample of 1000 1.5 < zsys < 2.65 luminosity-matched quasars and truncated
the spectra at 2000Å. Finally, we ran our cross-correlation algorithm on these quasars
to calculate systemic redshifts. These are then compared to the redshifts estimated by
Rankine et al. (2020) over the wider wavelength range in Fig. 2.5.

The redshift difference is systematic as a function of the C IV blueshift below blueshifts
of ∼ 1000 km s−1. The algorithm has a tendency to slightly overestimate systemic
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FIGURE 2.5: The velocity difference in systemic redshifts between those estimated by
Rankine et al. (2020) and calculated using the same recipe and rest-frame wavelength
range as this work. This is plotted as a function of the C IV blueshift for a random sam-
ple of 1000 1.5 < zsys < 2.65 quasars of comparable luminosity to the 3.5 < zsys < 4.0
quasar population. At low C IV blueshifts, the cross-correlation algorithm has a ten-
dency to overestimate the systemic redshift and therefore biases the C IV line centroids
blue-ward of their true position.

redshifts for objects whose C IV blueshift ≤ 500km s−1. This is due to the presence of
narrow associated absorbers that predominantly affect the C IV lines at low blueshift
but which are at low enough signal-to-noise to not be detected by our narrow
absorption masking procedure. Furthermore, at these wavelengths, we also lose
access to the Mg II λ2800 emission line for calculation of zsys, which is not usually
affected by narrow associated absorption. As a result, symmetric C IV line profiles
with the majority of their flux at velocities close to the systemic redshift are most
affected by the bias, whereas high C IV blueshift spectra remain relatively unaffected.
We fully consider how this bias affects results and conclusions on the potential
redshift evolution of the rest-UV line properties in Chapter 3.
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2.4 Spectral Reconstructions with Mean Field Independent
Component Analysis

As discussed in Section 2.1, a key objective of this work is to compare the emission line
properties of the 3.5 < zsys < 4.0 quasars to lower redshift quasars at 1.5 < zsys < 3.5
using exactly the same methods to analyse and fit the quasar spectra. This avoids
biases in the measured line properties due to the different line-fitting procedures
employed for quasars at different redshifts.

Our lower redshift comparison sample of quasars used throughout this work is drawn
from Rankine et al. (2020) and Temple et al. (2023), covering the redshift range
1.5 < zsys < 3.5. The rest-frame UV line demographics for quasars with
1.5 < zsys < 2.65 and where the Mg II emission line is available for robust SMBH mass
measurements, has been studied in detail by Temple et al. (2023). Analogous to
Rankine et al. (2020) we therefore employ a technique called Mean-Field Independent
Component Analysis (MFICA; Højen-Sørensen et al. 2002) to provide essentially
noise-free reconstructions of each observed spectrum through a linear combination of
7-10 component spectra (see section 4.2 of Rankine et al. 2020 for more details). The
component spectra are the same as those used by Rankine et al. (2020) at
1.5 < zsys < 3.5. They were generated using a sample of ∼ 4000 1.5 < zsys < 3.5
spectra at intermediate C IV EWs, 20-40Å , and a further two samples of ∼ 2000
1.5 < zsys < 3.5 spectra with C IV EW > 40Å and < 20Å.

The scheme for deriving MFICA-components for use on astronomical data is
described in Allen et al. (2013). Three sets of components were necessary to account
for the extensive array of C IV emission line morphologies seen in the sample. For a
visualisation of the three sets of MFICA components see Fig. 2.6, Fig. 2.7 and Fig. 2.8.
The objects whose C IV EW < 20Å were fit using the components depicted in Fig. 2.6,
the objects whose C IV EW are between 20-70Å were fit using the components
depicted in Fig. 2.7, and the remainder of the spectra were reconstructed using the
components depicted in Fig. 2.8. The C IV EW thresholds were calculated by
minimising the χ2

ν of the reconstructions, however, spectra in the overlapping regions
of equivalent width generally have a similar quality fit with either set of MFICA
components.

The MFICA components are highly effective for our purpose, however, the exact form
of the components is not important. Rather, the key requirement is that the
components can be combined to produce accurate reconstructions of the quasar
spectra. Alternative approaches using principal component analysis or non-negative
matrix factorization should also work well.
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FIGURE 2.6: The MFICA components, generated using the technique described in Allen et al. (2013), used to reconstruct quasar spectra whose C IV
EW < 20Å . Components ”9” and ”10” are correction components and are therefore permitted to have negative weights in the MCMC fitting.
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FIGURE 2.7: The MFICA components, generated using the technique described in Allen et al. (2013), used to reconstruct quasar spectra whose
20 <C IV EW< 70Å . Components ”9” and ”10” are correction components and are therefore permitted to have negative weights in the MCMC
fitting.
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FIGURE 2.8: The MFICA components, generated using the technique described in Allen et al. (2013), used to reconstruct quasar spectra whose C IV
EW > 70Å . Components ”6” and ”7” are correction components and are therefore permitted to have negative weights in the MCMC fitting.
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Spectrophotometric calibration effects introduce both a blue excess and red decrement
to the BOSS spectra (Dawson et al., 2012; Pâris et al., 2012). Consequently, we observe a
±10% multiplicative factor in the spectrophotometry as well as an additional effect
introduced by the varying dust extinction towards each quasar. Since we aim to
reconstruct the quasar spectra with linear combinations of fixed components, any
wavelength dependent multiplicative factor needs to be removed, hence we
implement a ”morphing” recipe to standardise the shape of the quasar spectra. For a
full description of the morphing recipe see section 4.1 of Rankine et al. (2020). The
reference quasar SED used to ”morph” the quasar spectra is a model quasar spectrum,
discussed extensively in Maddox et al. (2012) and Temple et al. (2021b)1.

We use the EMCEE Python package2 (Foreman-Mackey et al., 2013) for the MFICA
spectral reconstructions. The EMCEE package is a Python implementation of the
affine-invariant ensemble sampler for Markov-Chain Monte Carlo (MCMC)
simulations, proposed by Goodman & Weare (2010). We permit the EMCEE package to
explore an N-Dimensional, Gaussian likelihood function, where N represents the
number of MFICA components (N=7 for the high C IV EW set and N=10 otherwise),
and apply uniform priors to the component weights. Typical example spectra, with
various signal-to-noise characteristics are presented in Fig. 2.9 together with their
MFICA reconstructions, which are representative of the whole sample.

A key result of this work is that the 1.5 < zsys < 3.5 MFICA components can
successfully reconstruct the 3.5 < zsys < 4.0 spectra with a range of signal-to-noise
ratios. The MFICA has the effect of boosting the signal-to-noise characteristics of the
SDSS spectra affording us the opportunity to analyse weaker UV emission lines such
as He IIλ1640. We have checked that different realisations of the spectra perturbed
consistent with the Gaussian noise on each spectrum, result in essentially identical
MFICA reconstructions. Although the component weights themselves change, the line
properties derived from the reconstructions are unchanged by the noise on each
spectrum. A further advantage of MFICA over parametric fitting of emission lines is
the ability to accurately reproduce asymmetric emission line features, resulting in
more robust reconstructions of the blue wing often observed in the C IV emission -
crucial for our work in Chapter 3.

1https://github.com/MJTemple/qsogen
2https://github.com/dfm/emcee

https://github.com/MJTemple/qsogen
https://github.com/dfm/emcee
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FIGURE 2.9: Example quasar spectra from our sample at 3.5 < zsys < 4.0 with signal-
to-noise of 30 (top), 20 (top-middle), 10 (bottom-middle) and 5 (bottom), with their cor-
responding mean-field independent component analysis reconstructions overlaid. We
can see that the MFICA reconstructions have the effect of boosting the signal-to-noise
of the SDSS spectra, and hence robust UV emission line analysis becomes achievable.
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2.5 Conclusions

We have reconstructed the rest-frame UV spectra of 2,531 3.5 < zsys < 4.0 quasars
from the SDSS DR16Q catalogue and corrected their systemic redshifts.

• We used high signal-to-noise template spectra of quasars at 1.5 < zsys < 3.5 and
a cross-correlation algorithm to calculate updated systemic redshifts for the
3.5 < zsys < 4.0 quasars. The templates take into account the known systematic
velocity offsets between different emission lines as a function of quasar
properties as well as the diversity of the C IV emission line morphologies. This
enables accurate systemic redshift estimates using just the rest-frame UV, a
technique that can now be applied to quasars at even higher redshifts.

• We find tentative evidence that suggests a bias towards lower systemic redshifts
within the SDSS pipeline, most likely a result of the reduced wavelength
coverage at zsys > 3.5 and the tendency of the C IV emission to exhibit line
blueshifts. However, we find no evidence to suggest there is a bias in the
velocity correction between the SDSS pipeline redshifts and the redshifts
calculated in this work (i.e. δv - Fig. 2.4) as a function of systemic redshift.

• We use Mean Field Independent Component Analysis (MFICA) to produce high
signal-to-noise reconstructions of the individual quasar spectra from which we
can measure non-parametric emission line properties.
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The redshift evolution of outflows
in blue SDSS quasars

”Evolution. It’s kind of scary, isn’t it?”

Galaxy Quest

This Chapter is based on the article:
”No redshift evolution in the rest-frame ultraviolet emission line properties of quasars from zsys = 1.5 to zsys =
4.0”, Matthew Stepney, Manda Banerji, Paul C. Hewett, Matthew J. Temple, Amy L. Rankine et al., 2023,
MNRAS, Volume 524, Issue 4, July 2023, Pages 5497– 551.
All work presented in this Chapter is my own, completed with guidance and support from my
co-authors.

https://academic.oup.com/mnras/article/524/4/5497/7223474
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3.1 Introduction

Thanks to large spectroscopic data-sets - such as the SDSS sample discussed in
Chapter 2 - we are now able to conduct statistical studies of rest-frame UV quasar
spectra, explore the diversity in their emission line properties and study correlations
between the continuum and various emission lines (e.g. Sulentic et al. 2007; Richards
et al. 2011; Rankine et al. 2020; Rakshit et al. 2020; Brodzeller & Dawson 2022; Wu &
Shen 2022; Rivera et al. 2022). Characterising the emission line properties also enables
single-epoch virial black hole mass estimates for large samples, allowing an
exploration of how the UV spectral properties connect to fundamental physical
properties of the quasars such as bolometric luminosity, black hole mass and
Eddington-scaled accretion rate (e.g, Temple et al., 2023). The widely observed
blueshifts seen in the C IVλλ1548, 1550 emission lines of high-redshift,
high-luminosity quasars are often interpreted as a signature of outflowing gas in the
quasar broad line region (BLR; Baskin et al. 2015). Statistical studies of UV quasar
spectra then enable these outflows to be linked to other quasar properties. For
example, the observed anti-correlation between the C IV blueshift and He II λ1640
equivalent width (EW) (Baskin et al., 2013; Rankine et al., 2020) can be interpreted as a
link between the spectral energy density (SED) of the quasar and BLR outflow velocity
(Temple et al., 2023).

In parallel to these developments in characterising the demographics of quasars at
“cosmic noon” (1.5 ≲ zsys ≲ 3.5), the number of quasars at the highest redshifts
(zsys ≳ 5) has also grown considerably in the last decade (e.g, Bañados et al., 2016;
Jiang et al., 2016; Wang et al., 2019; Fan et al., 2022). A sizeable subset of these also have
single-epoch black hole masses measured from rest-frame optical spectra (e.g. De
Rosa et al. 2014; Mazzucchelli et al. 2017; Schindler et al. 2020; Farina et al. 2022). These
high-redshift quasars are now being targeted as part of ongoing wide-field
spectroscopic surveys such as DESI, which has recently confirmed ∼ 400 new quasars
at 4.7 < zsys < 6.6 (Yang et al., 2023). These numbers are only expected to increase
further with new observations from the 4-metre Multi-Object Spectroscopic Telescope
(4MOST; Merloni et al. 2019).

The discovery of the first quasar at zsys > 7 (Mortlock et al., 2011) showed that its
rest-frame UV spectrum was very similar to lower redshift quasars, of similar
luminosity, but that the C IV blueshift was significantly larger than the other known
zsys > 2 quasars. With larger samples becoming available at high-redshifts, there have
been suggestions that high-redshift quasars might in general display stronger C IV

blueshifts (e.g, Meyer et al., 2019; Schindler et al., 2020), as well as higher broad
absorption line fractions and velocities (e.g, Bischetti et al., 2022, 2023). However, these
samples are still small enough that these results might be affected by limited sample
statistics (e.g, Reed et al., 2019; Yang et al., 2021). While there is an indication that there
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could be a real evolution in the rest-frame UV line properties driven by fundamental
differences in the super massive black hole (SMBH) population at the highest
redshifts, neither the line properties nor the physical properties of quasars have been
measured consistently across the entire range in redshift (1.5 ≲ zsys ≲ 7.0).

In the line-driven disc wind paradigm, ionised gas opaque to the UV continuum
photons emitted by the accretion disc, trace the streamlines of outflows (Stevens &
Kallman, 1990; Murray & Chiang, 1995; Proga et al., 2000) and hence the C IV blueshift
becomes a diagnostic for the outflow velocity. By implication, the observed increase in
C IV blueshift in the highest redshift quasars at zsys ≳ 6 suggests that quasar winds are
potentially evolving very rapidly on time-scales of ∼ 200 − 300 Myrs (Meyer et al.,
2019). Thus far, the statistical studies of the rest-frame UV line properties, of quasars,
have mostly focused on lower redshifts where we have samples of several hundred
thousand spectra. In particular, below zsys=2.65 the Mg II λ2800 emission line is
present in the SDSS spectrum, which enables the UV line properties to be linked to
black hole mass. However, in lieu of the results at the highest redshifts, it is worth
extending the studies of the evolution of the rest-frame UV spectra by even a few
hundred Myr while also ensuring sufficient sample statistics. We therefore focus on
quasars at redshifts 3.5 < zsys < 4.0 in this chapter.

At zsys ≳ 2.7 the SDSS wavelength coverage means the Mg II emission line, widely
used as a reliable single-epoch virial black hole mass estimator, is redshifted out of the
observed spectrum, and hence we must turn to C IV for SMBH masses. A further aim
of this work is to determine whether changing the SMBH mass estimator, compared to
e.g. the 1.5 < zsys < 2.65 samples, has an impact on the observed trends in UV line
properties with SMBH mass and Eddington-scaled accretion rate (e.g, Temple et al.,
2023). By measuring robust blueshifts from only the rest-frame UV spectra, and doing
so at modest signal-to-noise, as well as demonstrating that the trends in these line
properties are not sensitive to the SMBH mass estimator, we potentially open the door
to studies of the evolution in UV line properties for much larger statistical samples out
to high-redshifts e.g. those being assembled with DESI and 4MOST.

Having already discussed the selection of the 3.5 < zsys < 4.0 sample and its
subsequent post-processing in Chapter 2, the structure of this chapter is as follows. In
Section 3.2 we describe the recipe used to determine the emission line properties and
physical properties of the quasar sample. Our key results are compared to the Rankine
et al. (2020); Temple et al. (2023) 1.5 < zsys < 3.5 samples in Section 3.3, before
discussing their implications in the context of the redshift evolution of quasar-driven
outflows in Section 3.4.
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3.2 Methods

Having already applied the techniques explored in Chapter 2 to process the spectral
data from the SDSS DR16Q catalogue, in this section we discuss how both the line
properties and physical properties of the quasar sample are calculated.

3.2.1 Line properties

A central aim of this work is to assess whether there is any redshift evolution in the
rest-frame UV emission line properties from 1.5 < zsys < 4.0. To determine the C IV

EW and blueshift, we first define a power-law continuum, f (λ) ∝ λ−α. We then follow
the non-parametric approach discussed by Coatman et al. (2016, 2017), whereby the
median values of Fλ in the two wavelength regions 1445–1465Å and 1700–1705Å are
used to determine the power-law approximation. Then, C IV EW measurements are
made via numerical integration. Due to the well known asymmetry of the C IV

emission line (Richards et al., 2011), we define the blueshifts as the difference between
the line centroid and rest-frame wavelength:

V50 = c(λr − λ50)/λr [km s−1] (3.1)

where c is the velocity of light, λ50 is the rest-frame wavelength that bisects the 50th

percentile line flux and λr is the rest-frame wavelength of a given emission feature -
e.g. 1549.48Å for the C IV doublet. We note that several papers in the literature
exploring the UV emission line properties of high-redshift quasars (e.g. Meyer et al.
2019; Schindler et al. 2020) use the observed wavelength corresponding to the peak of
the line to define the C IV blueshift. This is often necessary at low signal-to-noise but
does not fully capture the often significant flux in the blue wing of the C IV emission
line.

3.2.2 Luminosities and black hole masses

We infer rest-frame monochromatic continuum luminosities λLλ at λ = 3000Å and
1350 Å (hereafter L3000 and L1350, respectively) using the PSF magnitudes from SDSS
photometry reported in the Lyke et al. (2020) DR16Q catalogue. The SDSS photometry
is corrected for Galactic dust extinction using the reddening law presented by Schlafly
& Finkbeiner (2011) and the quasar-specific pass-band attenuations described in
section 3.1.4 of Temple et al. (2021b). For each object, we then fit a quasar SED model
(Temple et al., 2021b) to the extinction-corrected photometry using the improved
spectroscopic redshifts described in Section 2.3, with the quasar luminosity and
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continuum reddening E(B − V) as the only free parameters. The E(B − V) accounts
for the (slight) variations observed in ultraviolet continuum slope and allows a robust
estimation of the rest-frame L3000, which in turn allows us to estimate bolometric
luminosities in the same way for our zsys > 3.5 and zsys ≈ 2 samples. We exclude
pass-bands with rest-frame wavelengths λ < 1215 Å, which results in the use of data
from the riz pass-bands for our zsys > 3.5 sample, and the griz pass-bands for our
1.5 < zsys < 2.65 comparison sample from Rankine et al. (2020).

As the Mg II λ2800 emission line is absent from SDSS spectra at redshifts zsys ≳ 2.7, we
estimate SMBH masses for our 3.5 < zsys < 4.0 sample using the FWHM of the C IV

emission. Due to the asymmetric wing, blue-ward of the C IV peak emission, we apply
a correction to the (FWHM)C IV derived from the correlation between the FWHM of
the C IV and Hβ emission lines - see Equation 5 and section 4.3 of Coatman et al. (2017)
for further details.

(FWHM)C IV,Corr. =
(FWHM)C IV

(0.36 ± 0.03)
(︂

C IV blueshift
103km s−1

)︂
+ (0.61 ± 0.04)

(3.2)

The functional form of Eqn. 3.2 leads to inappropriate mass estimates for objects with
modest (or indeed negative) blueshifts, hence we only apply the correction on those
objects whose C IV blueshift is >500km s−1 (Figure 6; Coatman et al., 2017). We correct
the (FWHM)C IV under the assumption that the C IV blueshift = 500km s−1, for the
quasars that fall short of this threshold although the results would be qualitatively
unchanged if no correction was applied to quasars with blueshifts of <500km s−1. The
mass estimates are then calculated using Eq. 3.3:

(Mbh)C IV,Corr. = 106.71
(︃
(FWHM)C IV,Corr.

103kms−1

)︃2 (︃λLλ(1350A)

1044erg s−1

)︃0.53

(3.3)

To determine the Eddington-scaled accretion rates of our sample, we use the 3000Å
rest-frame luminosities and C IV derived SMBH masses. We apply the bolometric
correction BC3000 = 5.15 (Shen et al., 2011; Rankine et al., 2020) to convert the rest-frame
3000Å luminosities to bolometric luminosities from which we calculate the
Eddington-scaled accretion rates for our sample. A catalogue of all line properties
derived from these spectra is available via the journal 1. Details of the catalogue are
presented in Table 3.1.

1https://academic.oup.com/mnras/article/524/4/5497/7223474

https://academic.oup.com/mnras/article/524/4/5497/7223474
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TABLE 3.1: The format of the table containing the emission line properties from our MFICA reconstructions. The table is available in a machine-
readable format in the online journal.

Header Units Description
SPEC FILE — SDSS spec file name
RA Degrees Right Ascension
DEC Degrees Declination
REDSHIFT [—, —, km s−1] ZSDSS, ZCorrected, Velocity shift
LOG L1350 log10(erg s−1) Monochromatic continuum luminosity at 1350Å
LOG L3000 log10(erg s−1) Monochromatic continuum luminosity at 3000Å
LOG MBH CIV COATMAN log10(M⊙) C IV derived MBHa

LOG LAMBDA EDD — Eddington-scaled accretion rate
C IV [Å, km s−1, km s−1, km s−1] C IV: EW, Centroid blueshift, FWHM and FWHMa

Coat,Corr
HE II Å He II: EW
a The C IV FWHM Coatman et al. (2017) correction has been applied.
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3.3 Results

In this section we present the C IV and He II line properties for the 3.5 < zsys < 4.0
quasar sample and compare to quasars at 1.5 < zsys < 3.5 from the literature.

3.3.1 C IV emission

Figure 3.1 shows the distribution of the C IV blueshifts and equivalent widths in the
3.5 < zsys < 4.0 sample as well as the 1.5 < zsys < 3.5 sample from Rankine et al. (2020)
and Temple et al. (2023). The Rankine et al. (2020) sample utilises SDSS DR14 so we
supplement the sample with a small number of additional quasars in the same
redshift range from DR16Q. Consistent with the findings of Richards et al. (2011);
Coatman et al. (2016, 2017); Rankine et al. (2020), we observe an anti-correlation
between the C IV blueshift and C IV EW of the emission lines. Stronger emission lines
are generally symmetric and show modest C IV blueshifts while weaker lines exhibit a
range of blueshifts with a clear tail extending to very high blueshifts of several 1000
km/s. While we find that both the 1.5 < zsys < 3.5 and 3.5 < zsys < 4.0 samples have
the same characteristic distribution in the C IV emission space, as expected, the
3.5 < zsys < 4.0 objects do not populate the same region as the 1.5 < zsys < 3.5 sample.
Due to the well-known Baldwin effect, the more luminous 3.5 < zsys < 4.0 quasars are
biased towards lower C IV EWs and the 3.5 < zsys < 4.0 quasars also show a tail
extending to much higher C IV blueshifts.

3.3.1.1 Matching the samples by quasar properties

To ensure a fair comparison between 3.5 < zsys < 4.0 and cosmic noon, we match our
3.5 < zsys < 4.0 quasars to the 1.5 < zsys < 2.65 DR16Q sample from Temple et al.
(2023), by choosing the nearest 1.5 < zsys < 2.65 quasar to each 3.5 < zsys < 4.0 quasar
in a variety of quasar physical properties. Specifically we match in turn by 3000Å
continuum luminosity and both SMBH mass and Eddington-scaled accretion rate. For
the lower redshift sample the SMBH masses are derived from the Mg II emission line,
while at higher redshifts of zsys > 2.65 they are derived instead using C IV. A key aim
of this work is to investigate how changing the SMBH mass estimator potentially
affects the dependence of UV line properties on SMBH mass and accretion rate.

We observe good agreement in the C IV emission line properties when matching the
3.5 < zsys < 4.0 sample to the 1.5 < zsys < 2.65 quasars in L3000 or both MBH and
L/LEdd. The distributions are illustrated in Fig. 3.2 and Fig. 3.3 respectively. In both
cases, the marginalised distributions in C IV EW are in good agreement between
1.5 < zsys < 2.65 and 3.5 < zsys < 4.0. The high C IV blueshift tail of the
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FIGURE 3.1: The C IV emission space for both the 1.5 < zsys < 3.5 (red, Rankine
et al., 2020; Temple et al., 2023) and 3.5 < zsys < 4.0 (blue) samples. Density contours
encircle 68, 50 and 25 per cent of the sample, respectively. Marginalised distributions
of the C IV blueshift and EW are also shown. While the distributions feature the same
characteristic shape, the 3.5 < zsys < 4.0 sample is biased to higher C IV blueshift and
lower C IV EW. The following criteria was applied to remove poorly fit spectra from
both samples;
log10(C IV EW [Å ]) < −2.3077 × 10−4× C IV blueshift [km s−1] +1.3231.

3.5 < zsys < 4.0 sample is much more consistent with the 1.5 < zsys < 2.65 quasars
when matching in either L3000 or both MBH and L/LEdd, compared to the marginalised
distributions presented in Fig. 3.1. However, the number of objects with C IV blueshift
≤ 500km s−1 tails off more rapidly at 3.5 < zsys < 4.0.

In Chapter 2, we demonstrate that truncating the 1.5 < zsys < 2.65 spectra to the same
rest-frame wavelength coverage as our 3.5 < zsys < 4.0 spectra (i.e. λ < 2000Å )
results in a slight over-estimation of zsys at lower C IV blueshifts. The implication for
the results presented in Fig. 3.2 and Fig. 3.3 is that the position of the line centroid is
shifted blue-ward, hence the number of objects with C IV blueshift ≤ 500km s−1 tails
off more rapidly at 3.5 < zsys < 4.0 compared to the lower redshift quasar population.
Conversely, the high C IV blueshift tail is less affected by this systemic redshift bias,
since the narrow associated absorbers generating the effect are commonly found close
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FIGURE 3.2: The C IV emission space for the 3.5 < zsys < 4.0 sample (blue) and the
L3000 matched 1.5 < zsys < 2.65 quasars (red) from Temple et al. (2023). Density
contours encircle 68, 50 and 25 per cent of the sample, respectively.

to systemic, explaining the discrepancies observed in the 1-D marginalised C IV

blueshift histograms presented in both Fig. 3.2 and Fig. 3.3.

While the C IV emission line properties appear to be consistent across the entire
redshift range investigated, it is important to note that the SMBH mass estimates at
1.5 < zsys < 2.65 were derived from the Mg II emission line (Temple et al., 2023). As
discussed in Section 3.2.2, the SMBH masses for the 3.5 < zsys < 4.0 sample are
derived from the C IV emission with an associated correction to the FWHM to account
for the line asymmetry (Coatman et al., 2017). This could potentially lead to biases in
the results presented in Fig. 3.3.

In Fig. 3.4 we investigate how the C IV blueshift evolves with redshift, luminosity,
black hole mass and accretion rate. The C IV blueshift increases with systemic redshift
(top). However, when one accounts for the trends in blueshift with UV luminosity
(top middle) and Eddington-scaled accretion rate (bottom), this trend can be explained
by the higher luminosities probed at high redshifts due to the flux limits of the SDSS.
Furthermore, when one considers the redshift evolution of the quasar luminosity
function (QLF), whereby the number density of the brightest quasars exponentially
decreases beyond zsys ≳ 3.5 (Fig. 7; Kulkarni et al., 2019), the increase in C IV blueshift
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FIGURE 3.3: The C IV emission space for the 3.5 < zsys < 4.0 sample (blue) and the
MBH and L/LEdd matched 1.5 < zsys < 2.65 quasars (red) from Temple et al. (2023).
Density contours encircle 68, 50 and 25 per cent of the sample, respectively.

at zsys ∼ 3 − 3.5 (top) is consistent with the fact that we only see the most luminous
quasars at these redshifts in a flux-limited sample. We also observe limited evolution
in the C IV blueshift as a function of SMBH mass (bottom middle) with a slight
tendency for C IV blueshifts to decrease with increasing SMBH masses. In addition,
we observe no significant change to the trends in Fig. 3.4, when we measure the black
hole masses from the Mg II emission versus the C IV emission line with a blueshift
dependent correction applied to the C IV FWHM (Section 3.2; Coatman et al. 2017).

3.3.2 He II emission

The He II line (illustrated in Fig. 2.9) is generated by the direct recombination of He III

ions to He II (with some covering factor dependence) and is therefore a ”clean”
measurement of the number of photons above 54.4 eV (Section 2c; Mathews &
Ferland, 1987). Hence, provided that the He II line properties can be robustly
measured, the He II emission is a better indicator of the ionisation potential of the soft
X-ray photons than C IV (Timlin et al., 2021; Temple et al., 2023). Figure 3.5 illustrates
how the He II line properties change across the C IV emission space. We recover the
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FIGURE 3.4: The C IV blueshift as a function of systemic redshift (top), UV continuum
luminosity (top-middle), SMBH mass (bottom-middle) and Eddington-scaled accre-
tion rate (bottom). The data is compressed into 17 equidistant bins, where we present
the median and median absolute deviation (MAD) of each bin in the appropriate pan-
els. We see a tendency for increasing C IV blueshifts with increasing systemic redshift,
UV continuum luminosity and Eddington-scaled accretion rate. The trends with UV
continuum luminosity and Eddington-scaled accretion rate can explain why we ob-
serve an increase in C IV blueshift as we tend to larger systemic redshifts. There is
limited evidence of a strong trend between SMBH mass and C IV blueshift (bottom
middle), with a slight tendency to lower C IV blueshifts as we approach the upper
limit of our SMBH masses for the sample. There is limited evidence to suggest that
the emission line used to estimate virial black hole masses will have any significant
impact on our results.
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FIGURE 3.5: The median observed He II EW in bins of C IV blueshift and C IV EW for
the 3.5 < zsys < 4.0 sample. The He II EW is correlated with both C IV blueshift and
C IV EW, with the most blueshifted C IV lines only observed when the He II EW is low.
Conversely, the highest EW C IV lines are only observed when the He II EW is high.

same trends as those uncovered by Baskin et al. (2013) and Rankine et al. (2020) at
lower redshifts. Figure 3.5 illustrates a clear anti-correlation between the He II EW and
the C IV blueshift as well as an additional correlation between the He II and C IV EWs.

Under the assumption that the He II EW is a good proxy for the ionising flux at 54.4
eV (see Section 3.4.1 for full discussion), this result is consistent with the hypothesis
that UV line-driven outflows give rise to the blueshift observed in the C IV emission of
quasars. A soft SED is a prerequisite for the strong blueshifting observed in the C IV

emission and over-ionisation of the outflowing material leads to weaker C IV

blueshifts. In Fig. 3.6 we present the evolution of the He II EW as a function of both
systemic redshift and UV continuum luminosity. We observe no convincing evidence
of an evolution in the He II EW with systemic redshift, save for a slight tendency to
lower He II EW at 3.5 < zsys < 4.0. However, this tendency is well accounted for when
one considers the trend in He II EW with UV continuum luminosity, whereby the He II

EW decreases with luminosity and therefore with systemic redshift as a result of the
sampling bias at zsys ≳ 3.5. Since the relation presented in Fig. 3.5 is observed in
quasars across the entire redshift range, 1.5 < zsys < 4.0, and the He II EW
demonstrates little to no evolution with systemic redshift in Fig. 3.6, we can conclude
that the SED properties of quasars remain consistent across the entire 1.5 < zsys < 4.0
redshift range.
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FIGURE 3.6: The He II EW as a function of systemic redshift (top) and UV contin-
uum luminosity (bottom). The data is compressed into 17 equidistant bins, where we
present the median and median absolute deviation (MAD) of each bin in the appropri-
ate panels. We see a slight tendency for decreasing He II EWs with increasing systemic
redshift. The trends with He II EW and UV continuum luminosity can therefore well
explain the apparent evolution with systemic redshift.

To ensure the MFICA reconstructions identify meaningful signal in the low EW He II

emission, we construct high signal-to-noise composite stacked spectra from 20
different regions in the C IV emission space. We then measure the line properties from
the composites directly, rather than using MFICA reconstructions, and recreate Fig. 3.5
in Fig. 3.7. We find that identical trends in the He II EW and both C IV EW and
blueshift are recovered. This confirms that through use of MFICA, we are able to
robustly reconstruct the He II emission line, even at the relatively modest
signal-to-noise ratios of the individual spectra in the 3.5 < zsys < 4.0 sample.
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FIGURE 3.7: The He II EW measured from 20 high signal-to-noise composite stacked
spectra overlaid on the C IV emission space. As in Fig. 3.5, the He II EW is corre-
lated with both C IV blueshift and C IV EW, with the most blueshifted C IV lines only
observed when the He II EW is low. Conversely, the highest EW C IV lines are only
observed when the He II EW is high.

3.3.3 Comparison to Wu & Shen 2022

Here we discuss a comparison between our work and catalogues where line
properties are determined via parametric fitting. Recently Wu & Shen (2022) have
published a catalogue of quasar continuum and emission line properties for the
∼ 750, 000 quasars in DR16Q, including updated systemic redshifts for the quasars.
Here we explicitly compare our line properties to theirs. We match the 2,531 quasars
at 3.5 < zsys < 4.0 analysed in this paper to the Wu & Shen (2022) catalogue by
position and extract the appropriate rest-frame UV line properties for the comparison.

Precision measurements of the C IV emission line properties was not a primary aim of
Wu & Shen (2022). Hence a composite Gaussian fitting recipe was adopted to model
the emission line profile. The C IV emission space for the 3.5 < zsys < 4.0 sample is
presented in Fig. 3.8. While the marginalised distributions in C IV blueshift are
consistent with ours, the marginalised distributions in C IV EW suggest that the Wu &
Shen (2022) catalogue is biased to lower C IV EW when compared to this work. Since
the low C IV EW line profiles are poorly approximated by parametric fitting recipes,
the characteristic tail to high blueshifts in the C IV emission space is not as evident
when one uses the Wu & Shen (2022) measurements.
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FIGURE 3.8: The C IV emission space for the 3.5 < zsys < 4.0 sample, using line prop-
erties derived from Wu & Shen (2022) (red) and this work (blue). C IV blueshifts are
calculated from line centroids in both distributions. Density contours encircle 68, 50
and 25 per cent of the sample, respectively. Marginalised distributions of the C IV
blueshift and EW are also shown. The distributions do not feature the same character-
istic shape in C IV emission space, with the Wu & Shen (2022) objects biased to lower
C IV EW.

A key result of our chapter is the correlation presented in Fig. 3.5. The existence of a
correlation between the He II EW and both C IV EW and blueshift could suggest that
the C IV emission is tracing outflows and that these are radiatively driven with an
explicit dependence on the ionising SED. In Fig. 3.9 we present the same results using
the Wu & Shen (2022) measurements. In addition to the bias towards lower C IV EW,
the He II EW measurements appear systematically larger than those measured in this
work. This difference can, in part, be attributed to the way in which the He II

continuum is defined. Finally, while the correlation between He II EW and C IV EW
persists, in Fig. 3.9, the anti-correlation between He II EW and C IV blueshift is
significantly weaker. This highlights the strength of the MFICA technique in
recovering robust He II EWs and C IV blueshifts for high-redshift quasar spectra.
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FIGURE 3.9: The median observed He II EW in bins of C IV blueshift and C IV EW for
the 3.5 < zsys < 4.0 sample, using line properties derived from Wu & Shen (2022).
The He II EW is correlated with C IV EW, however, the He II EW measurements are
systematically overestimated when compared to this work. The correlation between
the He II EW and the C IV blueshift is also significantly weaker than what is observed
in Fig. 3.5.

3.4 Discussion

3.4.1 Probing the driver of outflows

We have explored trends in the rest-frame UV emission line properties of quasars at
1.5 < zsys < 4.0, analysed using the same methodology across the full redshift range.
As shown in Fig. 3.2 and Fig. 3.3, we find that the C IV emission line properties, and in
particular the high-blueshift tail at 3.5 < zsys < 4.0 and 1.5 < zsys < 2.65 are best
matched when matching the quasar samples in either UV luminosity or equivalently
both SMBH mass and Eddington-scaled accretion rate. In Fig. 3.5 we demonstrated
that there is a strong and systematic trend between the C IV blueshift and the He II EW
in 3.5 < zsys < 4.0 quasars, which is qualitatively very similar to the trend found in the
1.5 < zsys < 3.5 population by e.g. Rankine et al. (2020). The result is broadly
consistent with a paradigm where the C IV blueshift is tracing a radiation line-driven
wind with the ability to launch a wind anti-correlating with the number of
high-energy ionizing photons above 54eV (Baskin et al., 2015). We will therefore
proceed from hereon under the assumption that the C IV emission line properties
encode information about the strength of a radiation line-driven wind. A key question
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of interest is how the wind properties then relate to fundamental properties of the
quasar such as UV luminosity, SMBH mass and Eddington-scaled accretion rate.
Recently, Temple et al. (2023) have looked at this exact question using a sample of
∼190,000 SDSS quasars at 1.5 < zsys < 2.65. We can therefore extend the Temple et al.
(2023) analysis to explicitly ask if the same fundamental properties drive trends in
quasar UV emission line properties at 3.5 < zsys < 4.0.

Figure 3.10 illustrates the MBH - L/LEdd plane, for both the 1.5 < zsys < 2.65 and
3.5 < zsys < 4.0 samples, with trends in C IV blueshift, C IV EW and He II EW at
3.5 < zsys < 4.0 overlaid. As expected, we observe a clustering at 3.5 < zsys < 4.0 in
the top right-hand corner of the parameter space and the 3.5 < zsys < 4.0 sample is
biased to higher black hole masses and Eddington-scaled accretion rates compared to
1.5 < zsys < 2.65, due to the flux limits of the SDSS survey. Crucially though, and in
contrast to quasars at even higher redshifts as we discuss later, the 3.5 < zsys < 4.0
sample overlaps considerably with the 1.5 < zsys < 2.65 sample in SMBH mass and
Eddington-scaled accretion rate.

As is the case in the 1.5 < zsys < 2.65 sample, we observe the strongest outflows above
L/LEdd ≥ 0.2 and MBH ≥ 109M⊙. Indeed, the trends in C IV blueshift, C IV EW and
He II EW are consistent with the 1.5 < zsys < 2.65 sample results, presented in Temple
et al. (2023), suggesting that the underlying drivers of these UV line properties do not
evolve with redshift. We also investigate trends in the MBH - L3000 plane in Fig. 3.11.
The flux limit of the 3.5 < zsys < 4.0 sample is evident at νLν|3000Å ∼ 45.5 erg s−1, the
threshold above which quasar feedback is considered to be effective (Zakamska &
Greene, 2014). The trends in line properties in the MBH - L3000 plane are also consistent
with those seen in 1.5 < zsys < 2.65 quasars by Temple et al. (2023). A key result of our
work is therefore explicitly demonstrating that redshift is not a fundamental
parameter in determining quasar UV emission line (and by implication outflow)
properties and that these properties are instead governed by SMBH mass and
accretion rate. Moreover, the results are not sensitive to the emission line used for the
SMBH mass estimates, which demonstrates that with large enough statistical samples
global trends of UV line properties with SMBH mass and accretion rate can be
recovered even when one uses C IV lines for SMBH mass estimates (e.g, Fig. 3.4).

Giustini & Proga (2019) have proposed that accreting black holes with a mass, MBH

≥ 108M⊙, and an Eddington-scaled accretion rate, L/LEdd ≥ 0.25 are expected to
facilitate strong radiation-driven winds. Conversely, objects whose Eddington-scaled
accretion rate falls below this threshold will likely produce failed line-driven disc
winds, or in extreme cases, the outflowing material is magnetically-driven, and the
feedback kinetic. Temple et al. (2023) find that the observations at 1.5 < zsys < 2.65 are
in good agreement with the proposed framework, only measuring significant C IV

blueshifts (≥ 1000 km s−1), at 1.5 < zsys < 2.65, when objects are both
strongly-accreting and high mass. We confirm that at 3.5 < zsys < 4.0, the C IV
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FIGURE 3.10: The median observed C IV blueshift (top), C IV EW (middle) and He II
EW (bottom) in bins of SMBH mass and Eddington-scaled accretion rate for the 3.5 <
zsys < 4.0 sample overlaid on the MBH - L/LEdd plane at 1.5 < zsys < 2.65 (grey, Temple
et al., 2023). Save for a clear flux limit, the 1.5 < zsys < 2.65 and 3.5 < zsys < 4.0
samples are well-matched in this space. We note that above L/LEdd ∼ 0.2 there is
evidence of a clear trend between He II EW and SMBH mass. Below ∼ 109M⊙, the
quasars generally have stronger UV emission lines and weaker C IV blueshifts and
above this threshold, the contrary is true.
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FIGURE 3.11: The median observed C IV blueshift (top), C IV EW (middle) and He II
EW (bottom) in bins of SMBH mass and 3000Å UV continuum luminosity for the
3.5 < zsys < 4.0 sample overlaid on the MBH - L3000 plane at 1.5 < zsys < 2.65 (grey,
Temple et al., 2023). A clear flux limit is observed at νLν|3000Å ∼ 45.5 erg s−1 in the
3.5 < zsys < 4.0 sample. Apart from that the 1.5 < zsys < 2.65 and 3.5 < zsys < 4.0
samples are well-matched in this space. Below ∼ 109M⊙ the quasars have stronger
UV emission lines and smaller C IV blueshifts. Above this threshold, the contrary is
true.
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blueshift is again strongly dependent on the mass and accretion rate in much the same
way as for the 1.5 < zsys < 2.65 population and that at high accretion rates and lower
SMBH masses, the ionising potential above 54.4 eV, as traced by the He II EW,
prevents strong disc winds from being launched.

Fundamentally, the similarity in the trends in UV emission line properties with
luminosity, mass and accretion rate between 1.5 < zsys < 2.65 and 3.5 < zsys < 4.0,
strongly suggests that the same accretion and wind-driving mechanisms are at play
across the entire 1.5 < zsys < 4.0 redshift range. We will now discuss the implication of
these results for studies of quasar winds and outflows at even higher redshifts, where
there have been claims that the UV emission line properties do indeed show some
evolution (Meyer et al., 2019; Schindler et al., 2020; Yang et al., 2021; Farina et al., 2022).

3.4.2 Implications at higher redshifts

Previous studies of quasars at the highest redshifts of zsys ≳ 6 have concluded that
their emission line properties, and in particular C IV blueshifts are on average higher
than quasars at lower redshifts even when the samples are matched in UV luminosity.
We now consider quasar samples at zsys ∼ 4.8 from Trakhtenbrot et al. (2011) and at
zsys ≳ 6 from Schindler et al. (2020) for explicit comparison to our work.

As has been done in the literature, we construct a control sample of 1.5 < zsys < 2.65
quasars drawing from the sample in Temple et al. (2023), and matching to the
high-redshift samples in UV luminosity. In Fig. 3.2 we found that matching the
3.5 < zsys < 4.0 and 1.5 < zsys < 2.65 samples in UV-luminosity resulted in a good
agreement in the C IV emission properties. The left-hand panel of Fig. 3.12 illustrates
that the UV luminosity matching across the two redshift bins, results in a broadly
consistent mapping to the MBH - L/LEdd plane, which we have already determined in
Section 3.4.1 are the fundamental parameters driving trends in C IV blueshift.
However, when we consider the Trakhtenbrot et al. (2011) and Schindler et al. (2020)
quasars at zsys ∼ 5 − 7, the UV-luminosity matched control samples no longer map
onto the same region of the MBH - L/LEdd plane as the high-redshift quasars, as
illustrated in the right-hand panel of Fig. 3.12. This is perhaps unsurprising when one
considers the degeneracy in matching quasar samples through their luminosities, i.e,
samples with low Eddington-scaled accretion rates and high SMBH masses will
populate the same region of the luminosity distribution as samples with high
Eddington-scaled accretion rates and low SMBH masses.

As there are relatively small numbers of zsys ∼ 5 − 7 quasars and they are observed at
higher Eddington-scaled accretion rates and lower SMBH masses, a region that isn’t
populated well by the 1.5 < zsys < 2.65 sample used as a control, UV-luminosity
matching is ineffective in selecting a control sample of quasars with a similar SMBH
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mass and Eddington-scaled accretion rate distribution as the quasars found at
1.5 < zsys < 2.65. Indeed, Farina et al. (2022) do find that the zsys > 6 quasars have
systematically higher Eddington-scaled accretion rates compared to a UV-luminosity
matched control sample at lower redshifts. Regardless of whether this is an intrinsic
property of the highest redshift quasar population or a selection bias in the observed
samples, this could in part explain the observed discrepancies in the C IV blueshifts
between 1.5 < zsys < 2.65 and zsys ≳ 6 quoted in the literature.

It is curious then, when exploring the trends in Fig. 3.10, that an extrapolation of these
trends would imply that the lower mass, higher Eddington-scaled accretion rate
quasars at zsys > 6 should have higher He II EWs and therefore smaller C IV blueshifts
compared to the luminosity-matched control at 1.5 < zsys < 2.65, contrary to what is
observed. Unfortunately the He II EWs have not been measured for the highest
redshift quasars, which precludes any direct comparison to the 3.5 < zsys < 4.0 sample
analysed here. In the case of the 3.5 < zsys < 4.0 sample, our use of the novel MFICA
technique has enabled us to extract information about the He II EWs even for spectra
of modest signal-to-noise. While we do not have information on the He II properties at
the highest redshifts, several papers have looked at the X-ray properties of the highest
redshift quasars and confirmed the well-known correlation between αOX, the
UV-to-Xray SED slope, and the UV luminosity. Higher luminosity quasars have
proportionally lower X-ray flux and therefore softer ionising SEDs with no apparent
evolution in αOX with redshift (Nanni et al., 2017; Pons et al., 2020).

If the trends illustrated in Fig. 3.10 do break down for the zsys ∼ 6 population, this
might point to a change in the underlying mechanisms driving the C IV blueshift.
Meyer et al. (2019) have speculated about the role of orientation and obscuration in
explaining the apparent lack of zsys > 6 quasars with modest blueshifts. In a
flux-limited sample probing only the highest UV-luminosity sources, quasars that are
viewed more edge-on and/or more obscured would preferentially drop out of the
sample. If the wind geometry is polar, these missing quasars would also be those at
more modest blueshifts, thus explaining the bias to high blueshifts at zsys > 6. Our
work now explicitly demonstrates that despite sampling higher UV-luminosity
sources at 3.5 < zsys < 4.0, there is no such bias in their C IV emission line properties
relative to zsys ∼ 2, which could imply that the geometry and obscured fraction of
quasars dramatically changes from zsys ∼ 4 to zsys ≳ 6. Alternatively, it might be
inappropriate to extrapolate the trends in Fig. 3.10 to the super-Eddington regime
given the inner accretion disc transitions from geometrically thin and optically thick to
a slim disc as radiation pressure causes the disc to “puff up” (Giustini & Proga, 2019).

It is also important to highlight that when illustrating trends in Fig. 3.12, all the SMBH
masses, luminosities and Eddington-scaled accretion rates for the Trakhtenbrot et al.
(2011) sample were re-derived using Eqns 3.2 and 3.3. Although we currently take the
equivalent properties for the zsys ≳ 6 quasars directly from Schindler et al. (2020), our
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results would remain unchanged if we used the continuum luminosities and FWHM
of the emission lines from that paper to re-derive black hole masses and
Eddington-scaled accretion rates for the zsys > 6 sample. Considerable care has also
been taken in this work to ensure that the 3.5 < zsys < 4.0 and 1.5 < zsys < 2.65
samples have employed the same methodologies for calculating quasar systemic
redshifts and measuring UV line properties. This was beyond the scope of the current
work for the quasar samples analysed at higher redshifts and might result in biases
when comparing to the lower redshift population (see e.g. Section 3.3.3).

A key conclusion of our study is that, under the premise that the C IV emission line
blueshift is tracing the velocity of radiatively driven disc winds, the fundamental
parameters that govern the blueshift are the SMBH mass and Eddington-scaled
accretion rate. We have shown that quasars at the highest redshifts do not map on to
the SMBH mass Eddington-scaled accretion rate plane occupied by similarly
luminous quasars at lower redshifts. A more complete sampling of this plane is
clearly needed at zsys > 6 to determine whether the observed evolution in UV-line
properties is due to an intrinsic difference in the masses and accretion rates of the first
quasars, or conversely, if different mechanisms are at play in driving the observed C IV

blueshift compared to quasars at 1.5 < zsys < 4.0. This is now becoming possible with
the launch of the JWST which will enable lower mass, lower accretion rate quasars to
be found in the very early Universe, as well as robustly measuring black hole masses
and accretion rates for known zsys > 6 quasars using Balmer lines, which suffer
considerably less from systematic biases.
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FIGURE 3.12: The MBH - L/LEdd plane for the 3.5 < zsys < 4.0 and corresponding UV luminosity matched 1.5 < zsys < 2.65 samples (left) and the
zsys ∼ 6 and corresponding UV luminosity matched 1.5 < zsys < 2.65 samples (right). Density contours (left) encircle 68, 50 and 25 per cent of the
sample, respectively. The cartoon ellipses (right) approximate the locations of the zsys ∼ 6 quasars (blue) and the 1.5 < zsys < 2.65 quasars, when
UV luminosity matched to the zsys ∼ 6 sample (red). When UV luminosity matching the 3.5 < zsys < 4.0 sample to the 1.5 < zsys < 2.65 quasars,
the samples are consistent in the MBH - L/LEdd plane, explaining the results presented in Fig. 3.2 and Fig. 3.3. When UV luminosity matching the
zsys ∼ 6 sample to the 1.5 < zsys < 2.65 quasars, we see an inconsistency between the samples in the MBH - L/LEdd plane, with the zsys ∼ 6 objects
biased towards higher L/LEdd and lower MBH than their 1.5 < zsys < 2.65 counterparts.



70 Chapter 3. The redshift evolution of outflows in blue SDSS quasars

3.5 Conclusions

We have analysed the rest-frame UV spectra of 2,531 3.5 < zsys < 4.0 quasars from the
SDSS DR16Q catalogue and studied the evolution of the rest-frame UV properties of
quasars in the redshift range 1.5 < zsys < 4.0.

• Using the MFICA reconstructions, we recover the same trends in C IV EW and
C IV blueshift as those reported at 1.5 < zsys < 2.65. We find that there is no
evidence for evolution in the C IV blueshifts and EWs between 1.5 < zsys < 2.65
and 3.5 < zsys < 4.0 when matching the quasars in either UV continuum
luminosity, L3000, or both SMBH mass and Eddington-scaled accretion rate.

• The use of MFICA enables us to reconstruct the He II emission line profile even
in modest signal-to-noise spectra. We recover the well-known correlation
between the He II and C IV EWs as well as an anti-correlation between the He II

EW and C IV blueshift. Under the assumption that the C IV blueshift traces broad
line region outflows, we conclude that the quasar SED and more specifically the
ionising flux above 54eV is a key determinant of the ability to launch outflows.
Moreover, there is a common SED-dependent mechanism for quasar-driven
outflows at play in quasars over the entire redshift range 1.5 < zsys < 4.0.

• We examine how the rest-frame UV line properties depend on fundamental
properties of the quasars - namely L3000, MBH and L/LEdd. The 3.5 < zsys < 4.0
quasars are more luminous than the 1.5 < zsys < 2.65 quasars but show the same
trends in their emission line properties with SMBH mass and
Eddington-accretion rate as their lower redshift counterparts. As reported by
Temple et al. (2023), significant C IV blueshift measurements require both
L/LEdd ≥ 0.2 and MBH ≥ 109M⊙. Likewise, when L/LEdd ≥ 0.2, we observe a
clear evolution in the He II EW, with higher SMBH mass objects presenting both
weaker He II emission and larger C IV blueshifts.

• We explicitly show that matching quasars at 3.5 < zsys < 4.0 to those at
1.5 < zsys < 2.65 based on their UV continuum luminosity, ensures a consistent
mapping of quasars in both redshift bins on to the MBH - L/LEdd plane.
However, when considering the much smaller sample of quasars at zsys ∼ 5 − 7
where UV-emission line properties have been measured, the UV-luminosity
matched 1.5 < zsys < 2.65 samples are biased to higher SMBH mass and lower
Eddington-scaled accretion rates than observed at the highest redshifts. If SMBH
mass and Eddington-scaled accretion rate are indeed the fundamental
parameters driving the C IV blueshift, this might at least partially explain the
observed evolution of C IV blueshift seen in the highest redshift quasars. We
therefore conclude that matching quasar samples in different redshift bins using
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the UV continuum luminosity is only viable when one can also achieve a
reasonable match in both the SMBH mass and Eddington-scaled accretion rate.

• We hypothesise a number of explanations for the inconsistent distributions in the
MBH - L/LEdd plane between 1.5 < zsys < 4.0 and zsys ∼ 5 − 7. Farina et al. (2022)
find that quasars at zsys ≳ 6 have a tendency towards higher Eddington-scaled
accretion rates and lower SMBH masses than their 1.5 < zsys < 2.65 UV
luminosity-matched counterparts. Interestingly, if the relationship between the
He II EW and the MBH - L/LEdd plane persists to zsys ∼ 5 − 7, we would expect
objects with higher Eddington-scaled accretion rates and lower SMBH masses to
exhibit weaker C IV blueshifts. This trend is contrary to the observations at
zsys ≳ 6, for which we suggest two possible explanations. One possibility is that
the relationships between the MBH, L/LEdd and the UV emission line properties,
at 1.5 < zsys < 4.0, do not hold at higher redshifts where the Eddington ratios
appear higher, and hence the mechanisms driving outflows at zsys ≳ 6 are
intrinsically different. Alternatively, the different line-fitting methodologies used
to analyse the quasar samples at zsys ≳ 6 may prevent a direct comparison to the
UV emission line properties at more modest redshifts.
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Chapter 4

An in-depth view of a red quasar at
cosmic noon.

”It was big, it was red, it was beautiful...”
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4.1 Introduction

In Chapter 1, we discussed how feedback processes are pivotal to explaining a
multitude of observables, such as the M − σ relation, the shape of the galaxy
luminosity function and the observed morphologies and colours of present-day
galaxies (e.g. Magorrian et al., 1998; Cole et al., 2001; Dubois et al., 2016). Moreover, red
quasars, which show dust extinction affecting the quasar UV continuum, represent a
unique opportunity to study AGN feedback, given that they correspond to a
short-lived ”blow-out” phase in massive galaxy formation (Urrutia et al., 2008; Banerji
et al., 2012, 2015; Glikman et al., 2012, 2015; Assef et al., 2015; Calistro Rivera et al.,
2021).

A variety of different methods have been used to select red quasars with varying
levels of extinction including optical (e.g. Klindt et al., 2019; Fawcett et al., 2020), near
infra-red (e.g. Glikman et al., 2012; Banerji et al., 2015) and mid infra-red (e.g.
Eisenhardt et al., 2012; Assef et al., 2015) colour selections. Many red quasars are found
to reside in major mergers (e.g. Urrutia et al., 2008; Glikman et al., 2015; Banerji et al.,
2021). Powerful feedback signatures have also been detected in several of these
populations although it is debated whether these feedback processes are more efficient
in the obscured quasar phase relative to the unobscured quasar phase. For example,
extreme broad line region (BLR) and narrow line region (NLR) outflows have been
reported among populations of Extremely Red Quasars (ERQs; Hamann et al. 2017;
Perrotta et al. 2019; Gillette et al. 2024), with their kinetic power exceeding that of blue
quasars at comparable luminosities (Zakamska et al., 2016; Perrotta et al., 2019). The
correlation between dust extinction and radio emission in the mildly obscured red
quasars in SDSS and the even redder quasars in DESI have been interpreted as
evidence for low-power radio jets or winds causing shocks in a dusty environment
(Fawcett et al., 2023). On the other hand some studies have found very similar ionised
gas outflow properties between red and blue quasars when the two samples are
matched in luminosity and redshift (e.g. Temple et al., 2019; Fawcett et al., 2022).
Spatially resolved observations of multi-phase outflows in red quasars are also now
starting to uncover the complex gas dynamics in these systems (e.g. Wylezalek et al.
2022; Veilleux et al. 2023).

Ground-based surveys of the most luminous obscured quasars at z ∼ 1 − 4 suggest
they could dominate the number densities at the highest intrinsic luminosities
implying that this population of previously unstudied AGN may account for some of
the most luminous and massive accreting black holes at cosmic noon (Assef et al.,
2015; Banerji et al., 2015). More recently an abundant population of Little Red Dots
(LRDs) observed with JWST has emerged, many of which are postulated to be
obscured AGN, hundreds of times more common than UV-bright AGN at the faint
end of the luminosity function (Onoue et al., 2023; Kocevski et al., 2023; Kocevski et al.,
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2024; Greene et al., 2024). Therefore the obscured phase of supermassive black hole
growth also appears to be increasingly important at lower luminosities, and in the
high-redshift Universe.

Intriguingly, despite their red colour selection, several of the red quasar populations
appear to show excess emission at rest-frame UV wavelengths that is inconsistent
with an AGN SED affected by dust extinction (e.g. Assef et al., 2015; Wethers et al.,
2018; Noboriguchi et al., 2019; Assef et al., 2020, 2022; Kocevski et al., 2023; Greene
et al., 2024; Williams et al., 2024; Pérez-González et al., 2024; Matthee et al., 2024;
Kocevski et al., 2024). In the population of Hot Dust Obscured Galaxies (HotDOGs)
polarisation studies attribute the UV excess to a scattered light component from the
heavily cocooned AGN (Assef et al., 2020). In ERQs, the extreme column densities
(NH ≳ 1024 cm−1) reported are suggestive of a dense circumnuclear gas cloud
suppressing the accretion disk emission (Goulding et al., 2018). Spectropolarimetry
studies of this population also suggest scattering from equatorial dusty disk-winds as
the primary cause of their UV emission (Alexandroff et al., 2018). Furthermore, ∼ 20
per cent of the broad-line AGN recently observed with JWST are both obscured and
feature relatively blue colours in the rest-frame UV, with many more unconfirmed
AGN candidates demonstrating similar photometry (Kocevski et al., 2023; Matthee
et al., 2024; Greene et al., 2024; Kocevski et al., 2024). The broadband UV excess can be
explained by a scattered light component or emission from unobscured star-forming
regions in the AGN host galaxy (Greene et al., 2024) and spectroscopic observations
would help to discriminate between these scenarios.

In this chapter we study the heavily reddened quasar ULASJ2315+0143 , at z ∼ 2.56.
Heavily reddened quasars (HRQs) are one class of red quasars selected based on their
red near infra-red colours. Over 60 HRQs have been selected using near and
mid-infrared colour selections using data from the UKIDSS, VISTA and WISE surveys
(Banerji et al., 2012, 2013, 2015; Temple et al., 2019). They cover a redshift range
0.7 ≲ z ≲ 2.7 and have measured dust extinctions of 0.5 ≲ E(B − V) ≲ 3.0. In the
X-ray, HRQs are amongst the most powerful quasars known, with a median
⟨L2−10kev⟩ = 1045.1 erg s−1 (Lansbury et al., 2020). As expected from the heavy
attenuation observed in the rest-frame optical, HRQs have large gas column densities
NH ∼ 1022−23 cm−2, suggestive of a blow-out phase given their high Eddington-scaled
accretion rates (Lansbury et al., 2020). Atacama Large Millimeter/submillimeter Array
(ALMA) observations have revealed diverse gas fractions, gas morphologies and ISM
properties in HRQs (Banerji et al., 2017, 2018, 2021). Finally, deep broad-band optical
photometry of a sub-sample of 17 HRQs reveals that at least 10 feature blue colours in
the rest-frame UV inconsistent with the dust-reddened quasar SED in the rest-frame
optical. The UV-excess potentially originates from relatively unobscured star-forming
host galaxies with average SFRUV = 130 ± 95 M⊙ yr−1 (Wethers et al., 2018). However,
spectroscopic data in the rest-frame UV is required to confirm this hypothesis.
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We selected ULASJ2315+0143 for follow-up with X-Shooter due to its detection at
rest-frame UV wavelengths across multiple bands in the HyperSuprimeCam (HSC)
survey as well as the rich array of multi-wavelength observations already assembled
for this source. X-ray data suggests that the inner regions of ULASJ2315+0143 are
dominated by a powerful accreting SMBH (L2−10 keV = 3 × 1045 erg s−1) with
moderately high gas column densities (NH ∼ 1022 cm−2), making it the ideal candidate
for studying radiation-driven winds (Lansbury et al., 2020). At longer wavelengths,
ULASJ2315 +0143 has been confirmed to be undergoing a gas-rich major merger via
ALMA observations of the warm molecular gas as traced by CO(3-2) (Banerji et al.,
2021). Further CO(1-0) observations from the Very Large Array (VLA) confirm that the
merging galaxies reside within an extended reservoir of cold molecular gas, spatially
offset from the merging pair and redshifted with respect to the CO(3-2) observations
(Banerji et al., 2018). In addition, ALMA observations of the dust continuum suggest a
total star formation rate of ∼ 680 M⊙ yr−1, consistent with a merger-induced starburst.
In the rest-frame optical, ULASJ2315+0143 is amongst the reddest of the HRQ sample
and hence exhibits the most unambiguous evidence of excess rest-frame UV emission
(Wethers et al., 2018). Owing to its broad wavelength coverage, the analysis of the
X-Shooter spectrum will enable the detailed study of ULASJ2315+0143 across the
entire rest-frame UV to optical wavelength region, leading to a better understanding
of the UV excess emission and probing key diagnostic emission and absorption
features that enable the study of multi-phase and multi-scale winds.

This chapter is organised as follows: Section 4.2 details the observations and reduction
of the X-Shooter spectrum. In Section 4.3 we model the spectral energy distribution
and analyse the emission and absorption line properties. We discuss our results in
Section 4.4 in the context of other red AGN populations. Our conclusions are
presented in Section 4.5.

4.2 Spectral Observations & Data Reduction

We observed ULASJ2315+0143 (RA=348.9842, Dec=1.7307) with the X-Shooter
spectrograph on the Very Large Telescope (VLT). X-Shooter is an Echelle spectrograph
installed on the UT2 telescope at the VLT (Vernet et al., 2011). It is comprised of three
arms; the Ultra-Violet/Blue (UVB), the Visible (VIS) and the near-infrared (NIR). The
combined wavelength coverage of X-Shooter ranges from ∼3100-24000Å, enabling the
study of both the rest-frame UV and rest-frame optical emission of ULASJ2315+0143 at
z ∼ 2.5. The spectra were obtained using a 2x2 binning to minimise read-out noise.
Slit widths were set to 1.3 arc-seconds for the UVB and 1.2 arc-seconds for both the
VIS and NIR arms, yielding a spectral resolution R = 4100, 6500, 4300, for the UVB,
VIS and NIR arms, respectively. The target was observed for ∼9 hours based on its
broadband SED (Wethers et al., 2018) and to ensure sufficient signal-to-noise ratio
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TABLE 4.1: We present the various PypeIt user-level parameters used to optimise the
reduction and extraction of the ULASJ2315+0143 X-Shooter spectrum. The numerous
additional parameters, which do not feature in this table, were left at their default
settings.

UVB/VIS
Primary block Secondary Block Parameter
reduce findobj snr thresh = 3.0
reduce findobj ech find max snr = 1.0
reduce findobj ech find min snr = 0.1
reduce findobj ech find nabove min snr = 2.0
calibrations wavelengths rms threshold = 2.0
calibrations tilts sig neigh = 5.0
calibrations tilts tracethresh = 5.0
calibrations slitedges tracethresh = 7.0
NIR
Primary block Secondary Block Parameter
reduce N/A trim edge = 1,1
reduce findobj find trim edge = 1,1
reduce findobj snr thresh = 5.0
reduce findobj ech find max snr = 1.0
reduce findobj ech find min snr = 0.1
reduce findobj ech find nabove min snr = 2.0
reduce skysub no local sky = True
reduce skysub global sky std = False
reduce extraction use 2dmodel mask = False
calibrations wavelengths rms threshold = 1.1
calibrations tilts sig neigh = 5.0
calibrations tilts tracethresh = 5.0
calibrations slitedges tracethresh = 7.0

(S/N) across the entire wavelength range covered by X-Shooter. To aid scheduling,
these observations were split into roughly one hour long observing blocks and a
standard ABBA nodding pattern was adopted for the purposes of sky subtraction in
the NIR arm.

We employ PypeIt v1.14.01, a Python package for semi-automated reduction of
astronomical slit-based spectroscopy (Prochaska et al., 2020; Prochaska et al., 2020), for
the spectral reduction. Some user-level parameters had to be adjusted from their
default values and these are detailed in Table 4.1. Wavelength calibrations in the
X-Shooter UVB/VIS arms were conducted by matching arc lines from Thorium-Argon
(ThAr) lamps to the inbuilt ThAr arc line catalogue stored within PypeIt. For the NIR
arm, wavelength calibrations were conducted using the OH sky line transitions from
the spectrum itself. Pypeit’s extraction algorithm is based on Horne (1986). A third
order polynomial fit is attempted across all orders in a given exposure. Echelle objects
are retained if the S/N of the trace exceeds a certain threshold value in all orders, or if

1https://github.com/pypeit/PypeIt/tree/1.14.0

https://github.com/pypeit/PypeIt/tree/1.14.0
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the S/N of the trace exceeds the minimum S/N threshold over a user-defined number
of orders (See Table 4.1 for details). The standard star trace is used as a crutch for the
polynomial fit for those orders that do not exceed the minimum S/N requirement.

The relative flux calibration was conducted within PypeIt. The spectrum was then
normalised to the cModel magnitudes of the quasar from Hyper Suprime-Cam (HSC)
in the g, i and z bands and the United Kingdom Infrared Deep Sky Survey (UKIDSS)
magnitudes in the H and K-bands (Banerji et al., 2015) using Eqn. 1.112. Hence, we
renormalise the UVB, VIS and NIR spectra of ULASJ2315+0143 by a multiplicative
factor of 0.44, 2.17 and 0.22, respectively. Calibration to the Dark Energy Camera
photometry for this source yields ∆g = 0.06 mag (Wethers et al., 2018), hence we
estimate a ∼ 6% uncertainty in the flux calibration.

Figure 4.1 depicts the full flux calibrated 1D X-Shooter spectrum of ULASJ2315+0143 ,
as well as the corresponding noise spectrum. As expected from the red NIR colour of
ULASJ2315+0143 ((H − K) > 1.4; Banerji et al. 2015), the NIR spectral shape
(middle/bottom; Fig. 4.1) is consistent with significant dust attenuation toward the
quasar continuum. To calculate the continuum signal-to-noise (S/Ncont) in each arm of
the spectrograph, we use Eqn. 4.1.

S/Ncont = S/N × pix
λ

(4.1)

where S/N is the median signal to noise in a given continuum interval, pix is the
number of pixels in said interval, and λ is the corresponding wavelength coverage.
The median continuum S/N in the intervals [16000,17000]Å and [21000, 22000]Å are
∼ 13Å−1 and ∼ 12Å−1, respectively. We observe narrow emission lines, including
[O II] λλ3726, 3729 and [O III] λλ4960, 5008 in the NIR spectrum. However, there is no
discernible signal from either [Ne III] λ3869 or [Ne V] λ3426. We see several broad
Balmer lines in the NIR, including the Hγ λ4342, Hβ λ4863 and Hα λ6565 emission.
The median continuum S/N in the interval [6000,10000]Å is ∼ 1Å−1 (top/right; Fig.
4.1). When rebinned by a factor of ten, the median continuum S/N ∼ 0.2Å−1 - i.e. the
S/N increased by less than the binning factor and hence the flux in this region is
dominated by noise. The median continuum S/N in the interval [4600,4900]Å
(top/left; Fig. 4.1) is ∼ 15Å−1. The rest-UV emission is inconsistent with the
attenuation observed at redder wavelengths. We see broad Lyα, N V and C IV emission
features on a blue UV continuum. We also observe a strong narrow component to the
Lyα emission as well as absorption around the Lyα and C IV emission line profiles.
These spectral features are fully explored in Section 4.3.3.

2We use CTIAO’s ANDICAM transmission curves for the g, i and z bands and UKIRT’s UKIDSS trans-
mission curves for the H and K bands, available via the SVO Filter Profile Service (Rodrigo et al., 2012;
Rodrigo & Solano, 2020).



4.2. Spectral Observations & Data Reduction 79

4000 5000 6000 7000 8000 9000 10000
0.0

1.0

2.0

3.0

4.0

F
 [1

0
17

er
g

s
1

cm
2

Å
1 ]

C IVO IV]
Si IV

N VLy

11000 12000 13000 14000 15000 16000 17000 18000
0.0

0.5

1.0

1.5

F
 [1

0
17

er
g

s
1

cm
2

Å
1 ] [O II] H H H [O III]

19000 20000 21000 22000 23000 24000
0.0
1.0
2.0
3.0
4.0
5.0

F
 [1

0
17

er
g

s
1

cm
2

Å
1 ] H [S II]

4000 5000 6000 7000 8000 9000 10000
Observed Wavelength [Å]

0.0
1.0

11000 12000 13000 14000 15000 16000 17000 18000
Observed Wavelength [Å]

0.0

0.5

19000 20000 21000 22000 23000 24000
Observed Wavelength [Å]

0.0
0.5

FIGURE 4.1: The full flux calibrated 1D spectrum of ULASJ2315+0143 is presented in
the top panels of each exert (blue). In addition, the corresponding noise spectrum is
presented in the lower panels (grey). Noise spikes marking the transition between
arms at ∼ 5800Å and ∼ 10,000Å have been masked out, as too has a region of high
noise redward of the Hα emission. Prominent emission lines are marked by dashed
vertical black lines and labelled accordingly.
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4.3 Results

4.3.1 Rest-frame UV Image Decomposition

Section 4.3.1 details analysis conducted in collaboration with Dr. Shenli Tang.

We begin by conducting image decomposition analysis to better understand the
source of the rest-frame UV emission in ULASJ2315+0143 . We consider the
morphology of this emission as traced by the imaging data from HSC in the g-band.
We follow the work of Silverman et al. (2020) and Tang et al. (2021) to perform a 2D
image decomposition analysis on the HSC g-band image of ULASJ2315+0143 , which
covers 4000-5500Å in the observed frame (Kawanomoto et al., 2018). We apply the tool
GALIGHT (Galaxy shapes of Light Ding et al., 2022), which was developed based on
the image modelling capabilities of LENSTRONOMY (Birrer et al., 2021). The tool
accepts a preset of number of point sources to be used in fitting. We tested three cases:
(i) no point source (i.e. no AGN contribution to the rest-frame UV), (ii) one point
source (i.e. a single quasar contribution to the rest-frame UV), and (iii) two point
sources (i.e. a dual quasar contribution to the rest-frame UV). As a result, the
algorithm failed to find a secondary point source in the third case, and favoured at
most one point source in the region.

The algorithm then finds as many extended sources as necessary in the field, and fits
them with Sérsic profiles simultaneously with the point sources. We show the results
in Fig. 4.2, with the first row showing the case of no point source and the second row
showing the model for one point source. For the model with one point source, we also
show the image after subtracting the point source model from the data (second row,
second column). The third column shows the normalised residual of the fitting. The
final column shows the 1D annulus light profiles from the centre of the source to the
outer regions. The reconstructed models are shown by the blue curves, in comparison
with the data, shown by the open circles. The bottom sub-panels show the fractional
residuals in 1D.

We find that the light profile of this system can either be explained by one
point-spread function (PSF) and four Sérsic profiles or just four Sérsic profiles. We also
compared the reduced χ2 of the two fits, which are 1.09 for the model without a point
source, and 1.04 for the model with a point source. We therefore conclude that the
rest-frame UV morphology of this source can be equally well reconstructed with and
without a PSF contribution to the g-band. We are therefore motivated to explore
spectral energy distribution (SED) models that exploit both star-forming host galaxy
emission or blue quasar emission.
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FIGURE 4.2: GALIGHT fitting results on the HSC g band image of ULASJ2315+0143 . The first row shows the case when use a model incorporating
only the Sérsic profiles. The second row shows the case when we include one point source in the model. The reconstructed images are shown by
the second and first panel of the rows, respectively. In the second panel of second row, we also show the image after subtracting the point source
model from the data. The third column shows the 2D normalised residual map of the fitting. The final column shows the 1D annulus light profiles
for the data and the reconstructed model, with the fractional residual shown in the bottom sub-panel.
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4.3.2 Spectral energy distribution

In this section we explore the rest-frame UV to optical SED of ULASJ2315+0143 . As
noted from Fig. 4.1, the spectral shape is inconsistent with a single reddened quasar
SED with excess blue flux detected in the UVB arm relative to this SED. Motivated by
Fig. 4.2, we explore two distinct possibilities to explain the excess UVB flux - (i) a blue
quasar component either originating from leaked/scattered light or a secondary AGN
and (ii) a star-forming host galaxy. We model the quasar components using the
QSOGEN3 tool, a Python package that implements an empirically-motivated
parametric model to simulate quasar colours, magnitudes and SEDs (Temple et al.,
2021b). The host galaxy component is modelled using the BAGPIPES4 package. Model
fits were conducted using a Bayesian Markov-Chain Monte-Carlo (MCMC) method.
We again utilise EMCEE, a Python package5 that explores the likelihood space using
the affine-invariant ensemble sampler proposed by Goodman & Weare (2010).

4.3.2.1 Reddened quasar + blue quasar light

The first model explored is the combination of a reddened quasar SED with some blue
AGN component representing a fraction of the total quasar luminosity
leaked/scattered along our line of sight or a less luminous secondary AGN. The free
parameters are the luminosity of the primary quasar, log10{λLλ(3000Å)[erg s−1]}, the
dust reddening of the primary quasar, E(B − V)QSO and the fraction of the total
intrinsic SED of the primary quasar emitted in the rest-frame UV, fUV . QSOGEN also
allows flexibility in the emission line contributions to the quasar SED via the
emline type parameter, which essentially controls the equivalent widths of the key
quasar emission lines (Temple et al., 2021b). Hence, we also set the emline type as a
free parameter in the fit. The model includes no contribution from the quasar host
galaxy to the SED. The quasar extinction law assumed by QSOGEN is discussed in
Section 2.6 of Temple et al. (2021b) and is similar to those derived by Czerny et al.
(2004) and Gallerani et al. (2010). We permit the EMCEE package to explore an
N-dimensional Gaussian likelihood function, where N represents the number of free
parameters in the fit (N=4), and apply uniform priors. Regions significantly affected
by telluric absorption are excluded from the SED fit. The best-fit SED is presented in
Fig. 4.3 overlaid on the X-Shooter spectrum.

3https://github.com/MJTemple/qsogen
4https://github.com/ACCarnall/bagpipes
5https://github.com/dfm/emcee

https://github.com/MJTemple/qsogen
https://github.com/ACCarnall/bagpipes
https://github.com/dfm/emcee
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FIGURE 4.3: We present the spectrum of ULASJ2315+0143 in light grey with the 20-pixel rebinned spectrum overlaid in dark grey. Our best-fit SED
model is plotted in green. The unobscured AGN component is presented in blue, while the dust-reddened AGN component is presented in red.
Regions of high telluric absorption have been masked to aid readership. The bottom panel illustrates the model residuals.
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TABLE 4.2: Best-fit QSOGEN parameters for the SED fit shown in Fig. 4.3. Uncertainties
represent the MCMC uncertainties.

Parameter Best-Fitting Value
emline type 1.71 ± 0.01
E(B − V)QSO [mag] 1.552 ± 0.002
log10{λLλ(3000Å)[erg s−1]} 47.907 ± 0.003
fUV 0.0450 ± 0.0003%

The model is able to successfully reproduce the spectrum redward of ∼4200Å as well
as the the broad shape of the SED blueward of 1600Å. However in the interval
[2900,3800]Å the continuum is overestimated. The best-fit parameters of this model
are presented in Table 4.2 and Fig. 4.4, the quoted uncertainties represent the
Monte-Carlo uncertainties on the free parameters and hence do not account for the
uncertainties associated with the flux calibration. The reddening of the quasar is
estimated to be E(B − V)QSO= 1.552 ± 0.002, which is consistent with the results from
SED-fitting to the broadband photometry conducted by Wethers et al. (2018). The
dust-corrected optical luminosity is estimated to be
log10{λLλ(3000Å)[erg s−1]}= 47.907 ± 0.003. Only 0.0450 ± 0.0003 per cent of this
intrinsic quasar luminosity is required to be scattered or leaked into our line-of sight
to reproduce the UVB flux. This is a much smaller fraction than is reported in other
obscured AGN populations at similar redshifts e.g. (∼1-3 per cent in HotDOGs; Assef
et al., 2020). We will discuss these results further in Section 4.4.1.

The marginalised distributions presented in Fig. 4.4 show that each parameter is well
converged, however, there are several model degeneracies. We observe a strong
anti-correlation between fUV and both log10{λLλ(3000Å)} and E(B − V)QSO which in
turn are positively correlated with each other. This behaviour is expected as should
the quasar be more luminous, a lower scattering fraction is required to reproduce the
rest-frame UV emission. Equally, should the quasar suffer heavier dust attenuation,
we require a more luminous quasar to reproduce the rest-frame optical and hence the
scattering fraction must again be lower to compensate for the increase in luminosity.
The emline type parameter is independent of the other three model parameters since
the Temple et al. (2021b) SED model allows for line strength variations independent of
the continuum parameters.

The primary weakness of this SED model is that it is unable to reproduce the narrow
[O II] emission as well as over-predicting the continuum flux in the interval
[2900,3800]Å. Strong [O II] emission in the absence of [Ne III] and [Ne V] could be
attributed to ongoing star formation (Maddox, 2018). Despite the need for an AGN
component to explain the broad UV emission lines, it is unclear to what extent the
AGN is contributing to the continuum.
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FIGURE 4.4: The reddened quasar + blue quasar light SED model (see Section 4.3.2)
corner plots. In order left-to-right/top-to-bottom the marginalised distributions rep-
resent log10{λLλ(3000Å)}, E(B − V)QSO, emline type and fUV . The corner plot illus-
trates that the model is well-converged and highlights the degeneracies between sev-
eral model parameters.

4.3.2.2 Reddened quasar + star-forming host galaxy

The second model explored is then the combination of a star-forming host galaxy and
dust reddened quasar SED. We model the host galaxy spectrum using BAGPIPES. We
assume a burst-like star formation history (SFH), consistent with the observation of a
gas-rich major merger in the ULASJ2315+0143 system (Banerji et al., 2021). Our goal is
to find whether a reasonable star-forming galaxy SED model can reproduce the
observed UV-continuum shape. Given the dominance of the quasar emission in the
rest-frame optical, we do not necessarily expect to obtain robust constraints on the
host galaxy properties.

We set the duration of the burst, the stellar mass of the galaxy, log(M∗/M⊙), the
galaxy dust extinction AGal

V , the metallicity, log10(Z/Z⊙) and ionisation parameter,
log10(U) as free parameters in the MCMC simulation. We set flat priors on the
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metallicity and ionisation parameter in the range −2 < log10(Z/Z⊙) < 0.3 and
−3.5 < log10(U) < −1. We assume the Calzetti et al. (2000) extinction law. Finally, we
set Gaussian priors on the optical luminosity of the quasar, quasar emission line type
and quasar dust extinction, defining the position and width of the priors by the
best-fit values and uncertainties of these parameters from Table 4.2.

The results are presented in Fig. 4.5. We are able to better reproduce the narrow [O II]
emission and broad continuum shape in the interval [2900,3800]Å with the inclusion
of a star-forming galaxy to the SED model. While the star-forming galaxy component
is unable to reproduce the broad emission lines observed blueward of 1600Å, the
broad continuum shape at these bluer wavelengths is also well fit by the star-forming
galaxy. The best-fit parameters for this SED model are presented in Table 4.3, again the
uncertainties presented represent the Monte-Carlo errors only, and do not account for
uncertainties in the flux calibration.

Firstly, we note that the quasar dust attenuation and continuum luminosity for this
model are consistent with the values predicted by the previous SED model,
confirming that the continuum at redder wavelengths is indeed quasar dominated.
We do not place particular emphasis on the physical values of the galaxy parameters
in the fit given the degeneracies between these parameters. The lack of data straddling
the 4000Å break, which falls within the gap between the J and H-bands, prevents us
from placing strong constraints on the stellar mass of the host galaxy and the value of
the stellar mass from the SED fit should therefore not be interpreted as representing
the total stellar mass of the quasar host. The best-fit ionisation parameter of
−log10(U) = 1.001 ± 0.007 is high for a star-forming galaxy (Costa et al., 2018), but can
almost certainly be explained by some AGN contamination to the emission lines,
many of which have broad components. Nevertheless, we can conclude that a
star-forming galaxy SED can reproduce the UV continuum shape and narrow
emission line features seen in the X-Shooter spectrum.
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FIGURE 4.5: Same as Fig. 4.3, but instead the rest-frame UV is modelled by a star-forming galaxy, generated using BAGPIPES.
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TABLE 4.3: QSOGEN and BAGPIPES user-level parameters for the SED fit shown in Fig.
4.5. Uncertainties represent the MCMC uncertainties.

Parameter Best-Fitting Value
emline type 1.24 ± 0.02
E(B − V)QSO [mag] 1.522 ± 0.003
log10{λLλ(3000Å)[erg s−1]} 47.901 ± 0.004
AGal

V [mag] 0.41 ± 0.03
log10 (M∗ / M⊙) 9.47 ± 0.02
tBurst [Myrs] 10.4 ± 0.7
log10(U) > −1.001 ± 0.007
log10(Z/Z⊙) 1.70 ± 0.04

If we assume that the entire rest-frame UV continuum originates from young stellar
populations, we can calculate a maximum SFR for ULASJ2315+0143 using Eqn. 4.2;

SFRFUV(M⊙ yr−1) = log10(λLλ(1550 Å)) + log10(CFUV) (4.2)

where the continuum flux at 1550Å, λLλ(1550 Å) = 1044.8erg s−1 and log10(CFUV) =
43.35 (Murphy et al., 2011; Hao et al., 2011; Kennicutt & Evans, 2012). Eqn. 4.2 yields
SFRFUV = 88 M⊙ yr−1, consistent with the SFR estimated for this object using
broad-band photometry (130 ± 95 M⊙ yr−1; Wethers et al., 2018).

4.3.2.3 Reddened quasar + blue quasar light + star-forming host galaxy

Figures 4.3 & 4.5 show that both an AGN SED and a star-forming galaxy SED can
reproduce the broad continuum shape of the UVB spectrum. With both strong narrow
[O II] in the J-band and broad C IV and N V in the UVB arm a model that combines a
star-forming host galaxy with a blue quasar component to reproduce the flux seems
well motivated. This is also justified by the image decomposition in Fig. 4.2, which
suggests that both point-like and extended emission contribute to the rest-frame UV
flux of this source.

However, the parameters dictating the nebular emission line strength, such as
metallicity, ionisation parameter and age, are degenerate with the stellar mass. A less
massive star-forming galaxy with strong nebular emission makes a similar
contribution to the total SED as a more massive galaxy with weaker nebular emission.
Furthermore, the stellar mass of the galaxy is degenerate with the fraction of the
primary quasar contribution to the UV flux, fUV . Consequently, with all three
components of the SED, the fit failed to converge tending to the limits set by the priors
on the stellar mass, metallicity and ionisation parameter. We therefore did not explore
a three component SED model further but conclude that the observed spectrum and
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UV image analysis suggests contributions from both a star-forming host galaxy and a
blue AGN component in the UV.

4.3.3 Emission and absorption line properties

We now turn our attention to analysing the spectral line properties. We utilise the
PyQSOFit package6, a python code developed by Guo et al. (2018) for all line fits. In all
cases uncertainties on line properties are derived by sampling 500 spectra perturbed
by Gaussian noise consistent with the noise array and looking at the mean properties
and scatter on these properties from the simulated spectra.

4.3.3.1 Systemic redshift and star formation rate from [O II]

We begin with an analysis of the NIR arm, which traces the rest-frame optical
emission in this object. We fit the J, H and K band spectra separately so that the
continuum fitting is not affected by telluric absorption.

The J-band contains the narrow [O II] line. The [O II] doublet is spectrally resolved
and provides a good indicator of the systemic redshift. The previous best systemic
redshift estimate of ULASJ2315+0143 was calculated using the CO(3−2) emission line
from ALMA data, yielding zsys = 2.566 (Banerji et al., 2021). We fit the [O II] emission
doublet without the PyQSOFit iron template, since the wavelength coverage is too
restricted to constrain the fit. A set of broad and a set of narrow components, whose
widths and velocity offsets are tied, are used to represent the quasar and galaxy
emission. We present the results in Fig. 4.6. We estimate a redshift,
zsys = 2.5656 ± 0.0005 from [O II] which is entirely consistent with the value derived
from the CO(3-2) line and is adopted as the systemic redshift for the remainder of the
paper.

We can also estimate a value for the instantaneous, unobscured SFR of any host galaxy
component using [O II] emission line luminosity by assuming that the line flux does
not have any contributions from the AGN. We note however that even under this
assumption, the [O II] line flux can be significantly affected by both dust extinction
and metallicity. Since it is unclear to what degree the line is affected by dust extinction
relative to the quasar continuum, we estimate lower limits on the [O II] line luminosity
and SFR([O II]), assuming E(B − V) = 0 towards the star-forming regions in the host
galaxy. We calculate the SFR([O II]) with Eqn. 4.3 (Kennicutt, 1998);

SFR[O II](M⊙ yr−1) = (1.4 ± 0.4)× 10−41L([O II]) (4.3)

6https://github.com/legolason/PyQSOFit

https://github.com/legolason/PyQSOFit
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FIGURE 4.6: J-Band spectrum for ULASJ2315+0143 with a dust correction, E(B −
V)QSO = 1.55, applied in grey and showing the [O II] doublet. The continuum is pre-
sented in navy blue, and the windows over which the continuum was fitted are de-
noted by the thick, lime-green lines. The final fit of the spectrum is presented in red.
The smaller panel shows the continuum subtracted total fit in red. The broad compo-
nents contributing to the total fit are presented in blue and the narrow components are
presented in green.

where the [O II] line luminosity L([O II]) = 1042.34±0.10 erg s−1 for ULASJ2315+0143 .
Eqn. 4.3 then yields a SFR[O II] = 31.1 ± 9.3 M⊙yr−1.

4.3.3.2 Black-hole mass, Eddington ratio and narrow-line region outflows

From Section 4.3.2, it is clear that redward of 4200Å the spectrum is dominated by the
dust-reddened Type 1 QSO component. For this reason, we apply a dust correction,
using the E(B − V)QSO = 1.55 estimate from Table 4.2 to both the H and K bands
before fitting the spectral lines. We model the Hγ emission with a single broad
component. The Hβ emission was modelled by two broad components and an
additional narrow component. Both [O III] lines were modelled by a single broad
component paired with an additional narrow line contribution whose widths and
velocity offsets were tied. In the K-Band, we model Hα with two broad components
and a single narrow component. Additionally, we model the [S II]λλ6716, 6730
emission doublet with a further two narrow components, whose widths and velocity
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offsets are tied. Due to the extreme Hα emission strength, we are unable to robustly
model the narrow [N II] emission. The results are presented in Fig. 4.7 and Fig. 4.8.

Using these fits, we estimate the equivalent width (EW), full-width half-maximum
(FWHM), emission line blueshifts and signal-to-noise ratio for each emission line.
Again, we define emission line blueshifts using Eqn. 3.1 and the use of line centroids
to define blueshifts reflects the well-known line asymmetries of some emission
features such as C IV (Richards et al., 2011; Rankine et al., 2020; Temple et al., 2023;
Stepney et al., 2023).

Furthermore, for the [O III] emission, we also calculate the W80=V90−V10, since the
[O III] emission line width is often used as an indicator of narrow-line region outflows
(e.g. Shen, 2016; Perrotta et al., 2019; Coatman et al., 2019; Temple et al., 2019; Villar
Martı́n et al., 2020). V10 and V90 are calculated using Eqn. 3.1, evaluated at the 10th

and 90th percentile of the line flux, respectively. The S/N of the emission lines are
estimated by calculating the ratio between the maximum continuum-subtracted flux
and the mean noise across the emission line feature. A summary of the quasar
emission line properties can be found in Table 4.4.

We observe broad blue wings associated with the [O III] emission in Fig. 4.7, which is
reflected in the large line width, W80 = 1830±350 km s−1. The estimated [O III] line
luminosity, L([O III]) = 1043.71±0.04 erg s−1. Our estimate of L([O III]) is sensitive to dust
extinction, hence this value serves as a lower limit assuming E(B − V)=0 since we do
not know to what extent the narrow-line region is affected by the attenuation suffered
by the quasar continuum. The presence of significant line blueshifts in the [O III]
emission is consistent with the high UV/optical continuum luminosity estimated by
the SED fitting in Section 4.3.2 and the large L([O III]). The [O II] emission centroid is
located at the systemic redshift by definition.

The Balmer lines are very broad as seen in Table 4.4. We calculate the SMBH mass,
MBH, of ULASJ2315+0143 from the measured width of the Hβ emission using the
following equation (Vestergaard & Peterson, 2006);

log(Hβ, MBH[M⊙]) = log

⎧⎨⎩
[︃

FWHM(Hβ)

1000 km s−1

]︃2
[︄

λLλ(5100 Å)

1044 erg s−1

]︄0.50
⎫⎬⎭

+ (6.91 ± 0.02)

(4.4)

where λLλ(5100 Å) = 1047.51 erg s−1 is the continuum luminosity evaluated at 5100Å,
for ULASJ2315+0143 , using the best-fit continuum from PyQSOFit in the H-Band.
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FIGURE 4.7: We present the H-Band spectrum for ULASJ2315+0143 with a dust correction, E(B − V)QSO = 1.55, applied in grey. The continuum
is presented in navy blue, and the windows over which the continuum was fitted are denoted by the thick, lime-green lines. In addition, the
combination of the continuum and iron template are presented in teal. The final fit of the spectrum is presented in red. Noteworthy emission lines
are marked by thin black lines and labelled appropriately. The smaller panels are labelled by the line/complex they represent. The continuum
subtracted total fit is presented in red, the broad components contributing to the total fit are presented in blue and finally, the narrow components
are presented in green.
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FIGURE 4.8: Same as Fig. 4.7, but instead we present the K-Band spectrum.

Eqn. 4.4 yields log10(Hβ, MBH[M⊙]) = 10.26 ± 0.05, consistent with the analysis of a
much shorter exposure SINFONI spectrum of this target in Banerji et al. (2015). Using
the FWHM correction between Hβ and Hα detailed in Greene & Ho (2005), we can also
estimate MBH from the Hα emission, yielding log10(Hα, MBH[M⊙]) = 10.17 ± 0.09.
The uncertainties in λLλ(5100 Å) were calculated by generating 500 simulated spectra
perturbed with Gaussian noise consistent with the noise spectrum and implementing
PyQSOFit after each iteration. Uncertainty estimates in MBH were then calculated by
propagating the uncertainty in the continuum luminosity through Eqn. 4.4, drawing
the normalisation constant from a Gaussian distribution with µ = 6.91 & σ = 0.02.
This does, however, neglect the large (∼0.5 dex) systematic uncertainties reported in
single-epoch MBH estimates by Vestergaard & Peterson (2006). Previous estimates of
the dynamical mass of this system based on CO(3-2) observations suggest
log10(Mdyn/M⊙) ≃ 11 (Banerji et al., 2021). The SMBH in ULASJ2315+0143 is therefore
over-massive with respect to the host galaxy but broadly consistent with the scaling
relation for high-redshift luminous quasars (e.g. Pensabene et al., 2020).
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TABLE 4.4: Quasar emission line properties inferred from the ULASJ2315+0143 X-
Shooter spectrum. Since the [O II] emission was used to determine zsys, its V50 ve-
locity is zero by definition. Here, the results pertaining to the [O III] emission refer to
the λ5008Å line.

Species S/N EW [Å] FWHM [km s−1] V50 [km s−1]
Lyα 254 97±2 1070±10 -350±20
N V 11.9 16±1 4227±3 -930±210
O IV/Si IV 4.3 7.0±0.3 5773±6 -940±160
C IV 16.1 24±1 3900±390 -1080±110
O II 12.8 8±2 330±120 0
Hγ 2.5 21±1 3340±190 +60±20
Hβ 23.9 230±30 6030±580 -120±50
O III 37.0 68±12 940±80 -380±90
Hα 42.8 820±10 4040±70 -320±30

Using the relation between Lλ(5100 Å) and LBol from Netzer (2019) we define a
bolometric correction BC5100 = 4.46, yielding LBol = 1048.16 erg s−1 for
ULASJ2315+0143 . Using this bolometric luminosity and our estimate of the black-hole
mass yields an Eddington-scaled accretion rate of log10(λEdd) = −0.19. Given the
intrinsic X-ray luminosity LX,int = 1045.6 erg s−1 for ULASJ2315+0143 (Lansbury et al.,
2020), the corresponding X-ray bolometric correction log10(kBol , LX) = 2.56. While this
is extreme, X-ray bolometric corrections as large as kBol,X = 100 − 1000 have already
been observed in the WISE/SDSS selected hyper-luminous (WISSH) quasar sample
with bolometric luminosities LBol > 2 × 1047 erg s−1. Indeed, the inferred X-ray
bolometric correction is consistent with the trends in bolometric correction with both
black-hole mass and Eddington-scaled accretion rate inferred in other hyper-luminous
infrared-selected quasar populations (Martocchia et al., 2017). Similarly, the
mid-infrared luminosity inferred from Wide-field Infrared Survey Explorer (WISE)
photometry, log10(L6µm) = 47.5, suggests a mid-infrared bolometric correction
log10(kBol , L6µm) = −0.66. This is consistent with the log10(kBol , L7.8µm) = −0.35 ± 0.4
reported amongst blue AGN (Weedman et al., 2012).

4.3.3.3 UV Emission and Absorption Line Features

In Section 4.3.2 we concluded that the broad emission lines seen in the UVB can be
explained by a scattered or leaked quasar component. Hence we do not apply any
dust correction to the UVB spectrum before fitting the lines using PyQSOFit. We
model three main broad-line complexes in the UVB. We parametrise the Lyα/N V

complex with four Gaussians, one broad component attributed to the N V contribution
and the remainder attributed to the Lyα contribution. The Si IV/O IV] complex is
modelled by two broad components and so too is the C IV emission. To enable a more
robust reconstruction of the emission line profile, narrow absorption features must
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first be masked. We adopt an iterative approach for this. First we fit the raw spectrum
with PyQSOFit, the result of which serves as a pseudo-continuum for subsequent fits.
Pixels whose flux > 2σ below the pseudo-continuum are replaced by the
corresponding flux element in the pseudo-continuum itself. The process is then
repeated until successive models converge (in this case, five iterations were sufficient).
The results are presented in Fig. 4.9 and the emission line properties are summarised
in Table 4.4.

In Fig. 4.9 the C IV emission line appears broad, blueshifted and of modest EW. These
C IV properties are typical of those found in luminous, blue, Type 1 QSOs and have
been associated with broad line region (BLR) winds along certain sight-lines (Richards
et al., 2011; Rankine et al., 2020; Temple et al., 2023; Stepney et al., 2023). The N V

emission is also blueshifted. As N V has a similar ionising potential to C IV, the two
species are likely emitting from similar regions in the BLR, hence, the broadly
consistent line properties are to be expected. Conversely, the Lyα EW is
uncharacteristically large in comparison to N V. The velocity off-set of the narrow
component of the Lyα emission (green Gaussian in top left panel of Fig. 4.9) is
–16±170 km s−1, consistent with the uncertainties on the systemic redshift. We
measure a line ratio N V/Lyα ∼ 0.16 for ULASJ2315+0143 , significantly less than the
N V/Lyα ∼ 0.31 observed in blue Type 1 QSOs (Shen, 2016). We propose that the line
profile can be explained either by a contribution from a star-forming galaxy (as
discussed in Section 4.3.2) or some scattering of the quasar light. For a full discussion
see Section 4.4.1.

We searched for absorption features associated with a number of high ionisation
species in the UV spectrum as follows. First the spectrum is renormalised by a pseudo
-continuum defined by the best PyQSOFit broad emission line model (Fig. 4.9, red).
We then employ a cross-correlation technique similar to that described in Hewett &
Wild (2010); Rankine et al. (2020); Stepney et al. (2023). Our default model is defined as
F/Fcont = 1. We then define a grid of Gaussian absorption line models with various
line depths and widths (the narrowest model explored has width σ ∼ 30 km s−1 -
equal to the resolution of X-Shooter in the UVB arm). For doublets, the line widths
and line off-sets are tied and we additionally explore the following line ratios; 1:3, 1:2,
2:3, 1:1. The best model parameters and corresponding cross-correlation value are
recorded at each line off-set. The absorption line model whose combination of off-set,
depth, width and line ratio yields the maximum cross-correlation value is added to
the default model and the process is then repeated. If the best absorption model does
not represent a > 4σ improvement in cross-correlation value over the default model or
the new absorption feature does not exceed a signal-to-noise of three (S/N> 3), the
new absorption line model is rejected and the search is complete.
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FIGURE 4.9: Same as Fig. 4.7, but instead we fit the UVB spectrum without a dust correction applied.
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FIGURE 4.10: The UVB narrow absorption line features detected in the X-Shooter spectrum. The flux density normalised by the PyQSOFit pseudo-
continuum is presented in grey. The absorption model reconstructions are presented in black. The species are labelled in each panel. We mark the
various velocity components with vertical lines in each panel.
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TABLE 4.5: Summary of different velocity components of narrow associated absorp-
tion line systems (AALs) shown in Fig. 4.10. Velocity offsets are relative to the [O II]
systemic redshift. We group velocity components whose off-sets are consistent within
the uncertainty on zsys.

Species Component Offset [km s−1]
C IV λλ1548.19, 1550.77 2 -565

3 -348
5 871

Si IV λλ1393.76, 1402.77 1 -2050
3 -313

N V λλ1238.82, 1242.80 3 -360
Si III λ1206.52 3 -311

4a 385
a Potentially blueshifted H I absorption, Vo f f−set = -1870km s−1

The results are summarised in Table 4.5 and Fig. 4.10. Five distinct velocity
components are detected, with component 3 at v ≃ −340km s−1 detected in all species,
suggestive of outflowing gas at a range of ionisation parameters. The absorption in
C IV at this velocity is saturated, suggesting a high covering fraction of C IV gas. In
other species, such as N V and Si IV, the covering fraction of the gas is much lower. We
also see additional absorption components in C IV at velocities of ≃-565 km s−1 and
≃+871 km s−1 that are not present in N V or Si IIIλ1206.52 and Si IV, and have a lower
covering fraction relative to the -340 km s−1 component. Furthermore, we observe a
very high velocity component in the Si IV absorption, with a velocity ≃-2050 km s−1.
We also note that the redshifted Si IIIλ1206.52 component at +385 km s−1 could
conceivably also represent blueshifted Lyα absorption.

4.4 Discussion

4.4.1 Source of the UV emission

In Section 4.3.2, we concluded that a simple dust-attenuated Type 1 QSO SED model is
unable to reproduce the emission blueward of ∼ 4000Å in ULASJ2315+0143 and that
emission from a secondary blue AGN component and/or a star-forming host galaxy
likely contributes in this region. We now further explore the origin of the excess UV
emission.
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4.4.1.1 A dual AGN system?

Could the blue AGN component seen in the X-Shooter spectrum of
ULASJ2315+0143 be consistent with the presence of a second AGN in the system,
which is more than 1000 times fainter in the UV than the primary dusty quasar?
ULASJ2315+0143 is hosted in a major merger based on the ALMA observations
reported in Banerji et al. (2021). The two galaxies in the merger are both detected in
CO(3-2) and are separated by ∼ 15 kpc in projection. During galaxy mergers, when
both of the SMBHs are activated, a dual quasar could be formed (Begelman et al.,
1980). Observations over the past decades have reported hundreds of dual quasars
with redshifts from local to z=5.66 (Yue et al., 2021), and separations from Mpc scale
down to 230 pc (Koss et al. (2023). Therefore a secondary quasar could be a plausible
source of the UV emission.

If a secondary AGN is present however, it is likely not associated with the companion
merging galaxy detected in CO with ALMA. The merging companion galaxy has gas
excitation conditions that are more typical of star-forming galaxies rather than AGN as
well as narrower molecular emission lines compared to the quasar host (Banerji et al.,
2018), all of which seems to suggest no actively accreting black hole in this galaxy.
Moreover, the image decomposition presented in Fig. 4.2 suggests the presence of at
most a single point-source contributing to the UV emission, located at the centroid of
the primary quasar host rather than the merging companion. If this is a dual AGN
system, then the separation between the secondary AGN and the quasar host galaxy
must therefore be less than the typical seeing of the HSC images (0.6 arcsec, or 4.8 kpc
at z=2.566). The observational constraints of dual fractions at this separation are still
poor, due to the limited resolution (e.g., Silverman et al., 2020). On the other hand,
Steinborn et al. (2016) studied the statistics and properties of closely-separated (<10
kpc) dual AGN at z=2 in the Magneticum simulation. This cosmological simulation
encloses a volume of 182 Mpc3 and produces 35 BH pairs, among which nine are dual
AGN. Thus the spatial density of dual AGN is ∼0.05 Mpc−3. They also report that the
dual fraction (the ratio of the number of dual AGN and the total number of AGN) is
1.2 ± 0.3% in the simulation (also see Volonteri et al., 2016; Rosas-Guevara et al., 2019,
this fraction varies roughly between 0.1-5%). Therefore, the dual AGN scenario,
although cannot be fully ruled out, is statistically unlikely.

4.4.1.2 Leaked or scattered light from the primary quasar?

Since the AGN emission is unlikely to originate from a secondary source, the broad
UV emission most likely originates from the primary quasar. Here we will discuss two
potential scenarios - (i) leaked AGN emission, escaping through ”windows” in a
patchy dust morphology and (ii) scattered AGN emission.
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In Section 4.3.2, we show that when modelling the rest-frame UV portion of the SED
with an unattenuated AGN component, just 0.05 per cent of the intrinsic quasar
emission is required to reproduce the continuum. Since the UV continuum is
consistent with the shape of a blue AGN, we require a consistent covering factor
across all wavelengths to preserve the shape of the the accretion disk’s
multi-temperature black body in a ”leaked” light scenario. For such a small fraction of
the intrinsic radiation to be observed, we would require the obscuring medium to
populate the extremely local regions of the AGN. The required dust morphology is
then extremely contrived and hence we conclude that leaked AGN emission through a
patchy obscuring medium is an unlikely cause of the UV-excess (Assef et al., 2015).

An alternative scenario is that AGN emission is scattered towards the line-of-sight by
the obscuring medium. This is the favoured explanation in HotDOGs, where
broad-band UV photometry confirms that the emission is linearly polarised, having
been scattered from ionised gas (Assef et al., 2015, 2020, 2022). However, unlike
HotDOGs and ERQs, ULASJ2315+0143 shows evidence of high-ionisation line
blueshifts in the rest-frame UV emission (See Fig. 4.9 and Table 4.4). While this does
not completely rule out the scattered light scenario, it does limit the number of feasible
dust geometries.

Should the obscuring medium be distant enough such that the incident AGN emission
features only the sight lines with blue-shifted high-ionisation lines, the scattered
spectrum could also exhibit blueshifts. A candidate for the obscuring medium is then
some kind of dusty toroidal structure outside the BLR. In Fig. 4.11 we show the
infrared photometry of ULASJ2315+0143 from UKIDSS and WISE compared to the
best-fit SED from Section 4.3.2. The infrared emission in the SED model represents the
average infrared SED for an SDSS quasar at z ∼ 2 (Temple et al., 2021a) with a hot dust
temperature of Tbb = 1243K and a hot dust normalisation - defined as the ratio
between the hot dust and accretion disk luminosities at 2 µm -
L2µm,Dust/L2µm,QSO = 2.5. We can immediately see that this SED model is inconsistent
with the photometry of ULASJ2315+0143 when extrapolated to mid-infrared
wavelengths. A value of L2µm,Dust/L2µm,QSO = 0.5 however is better able to match the
observed photometry. The flux density observed in the W4-Band (not shown in Fig.
4.11) is 10−17.1±0.1erg s−1 cm−2 Å

−1
. The mid-infrared SED therefore remains flat to a

rest-frame wavelength ∼ 6µm (corresponding to a dust temperature of ∼ 450K). We
therefore conclude that the ratio between the hot dust and accretion disk luminosities
in ULASJ2315+0143 is significantly lower than observed in blue quasars (see Temple
et al., 2021a).

The absence of hot dust emission on typical torus scales could suggest that the
obscuring medium responsible for the significant (E(B − V)QSO = 1.552 mag)
extinction towards the quasar continuum is likely on ISM, rather than nuclear scales.
Alternatively, self-absorbed cold torus models have been invoked to explain flatter
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FIGURE 4.11: The X-Shooter spectrum of ULASJ2315+0143 is presented in grey, with
the broad-band photometry from UKIDSS and WISE overlaid in red. The best-
fit UV/optical SED, see Section 4.3.2, is extrapolated to mid-infrared wavelengths
(blue, solid), assuming L2µm,Dust/L2µm,QSO = 2.5. The photometry is inconsistent
with the SED model redward of the W1 filter. The same SED model assuming
L2µm,Dust/L2µm,QSO = 0.5 (blue, dashed) is more consistent with the photometry.
Both SED models assume a hot dust temperature of 1243K. This suggests that the
ULASJ2315+0143 system contains less hot dust than the typical blue SDSS quasar,
where L2µm,Dust/ L2µm,QSO ≳ 1.0 (Temple et al., 2021a).

mid-infrared SEDs (e.g. Hönig, 2019). However we might expect a more symmetrical
line profile in C IV, with weaker blueshifts should the scattering medium lie primarily
on nuclear scales close to the quasar BLR. Hence, we favour the depleted torus
scenario, proposing a plausible geometry for ULASJ2315+0143 in Fig. 4.12. A more
complete analysis of the mid infra-red SEDs of the HRQ population is deferred to
Chapter 5. In Fig. 4.12, the excess UV emission seen in the spectrum is traced by
dashed black arrows. We show multiple sight-lines originating from the accretion disk
scattered by interstellar dust towards the observer.
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FIGURE 4.12: An illustration of our proposed geometry that best describes ULASJ2315 +043 focusing on the different scales associated with different
features in the X-Shooter spectrum and the multi-wavelength observations of this source. On sub-pc scales we illustrate the BLR gas with blue
clouds. Since the mid-infrared SED is devoid of hot dust (Fig. 4.11), we illustrate the missing/depleted torus with dotted black lines stretching to
∼10 pc. ALMA observations suggest that the ISM dust is on scales of ∼15-20 kpc based on the size of the millimetre continuum emission. NLR
gas and star-forming regions are represented with green clouds and black stars respectively. The warm molecular gas is depicted with red clouds
and the cold molecular gas is depicted with maroon clouds. A cartoon sight line, scattered from ISM dust and then subsequently absorbed by
the warm and cold gas reservoirs, potentially giving rise to the AAL features in the UV spectrum, is illustrated by the dashed black arrow. The
merging companion galaxy resides at 15 kpc and is illustrated to the left of the sketch. Blue, green and maroon arrows represent BLR, NLR and
cold molecular gas flows respectively all of which exhibit significant velocity offsets relative to the systemic redshift.
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4.4.1.3 Associated Absorption Line Systems in ULASJ2315+0143

In Fig. 4.10 we can see numerous narrow absorption features in the rest-frame UV
spectrum with linewidths of a few hundred km s−1 and that lie within 3000 km s−1 of
the quasar systemic redshift. These properties are consistent with the associated
absorption line (AAL) systems that have been detected in the spectra of numerous
luminous quasars (e.g. Vanden Berk et al. 2008; Hamann et al. 2011; Shen & Ménard
2012; Chen et al. 2018). AALs can have a wide range of origins tracing gas in quasar
inflows and outflows, in the halos of the quasar host galaxy or indeed gas reservoirs
on circumgalactic scales (Foltz et al., 1986; Tripp et al., 1998). Statistical studies suggest
that most AALs are intrinsic to the quasars, and hence can serve as important probes
of the quasar environment (Nestor et al., 2008; Wild et al., 2008). As such, the detection
of significant absorption in this gas-rich merger is perhaps not surprising.
Dust-reddened quasars in the Sloan Digital Sky Survey (SDSS) have been associated
with a higher incidence of AALs (Richards et al., 2003; Vanden Berk et al., 2008) and
2MASS red quasars with a higher incidence of Broad Absorption Line (BAL) features
(e.g. Urrutia et al. 2009). However, to our knowledge, our study represents the first
detection of multiple AAL systems in a quasar with such extreme dust reddening of
E(B − V)> 1.5.

The most prevalent absorption feature detected in multiple species is at a velocity of
∼-340 km s−1 relative to systemic. The higher ionisation gas at -340 km s−1 could
conceivably be associated with the merging companion, which is located 15 kpc away
in projected distance from the quasar and blueshifted in CO(3-2) emission by 170
km s−1 relative to the quasar (Banerji et al., 2021). However, the high ionisation gas is
most likely located closer to the ionising source, effectively shielding the lower
ionisation gas, which is likely spatially co-incident with the warm molecular gas
traced by CO(3-2). We also detect redshifted AALs at a velocities of ≃385 km s−1 and
≃870 km s−1. These components may be associated with the CO(1-0) cold gas
reservoir in this quasar, which is off-set in velocity by ≃500 km s−1 (Banerji et al., 2018).
The cold gas reservoir is also very spatially extended on projected scales of ∼ 50 kpc.
The geometry of the system showing the different spatial scales for the gas potentially
producing the AAL features is shown in Fig. 4.12.

4.4.1.4 Star-forming host

As discussed in Section 4.3.2, HSC imaging is suggestive of a host galaxy contribution
to the rest-frame UV flux. This is also consistent with the strong nebular emission
observed in Lyα and [O II] as well as the presence of multiple narrow absorption line
systems in Fig. 4.10 which could conceivably be associated with the gas in the quasar
host galaxy. The SFRFUV ∼ 3 × SFR[O II]. The unobscured SFR, predicted by the
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far-infrared and submillimeter continuum emission, for this source is
SFRFIR = 680 ± 100 M⊙ yr−1 (Banerji et al., 2018). Main sequence galaxies at similar
redshifts and AGal

V , report similar SFRFIR to ULASJ2315+0143 , with their average
SFRHα,obs = 20 M⊙ yr−1 consistent with our own estimate of the SFR from [O II]
(Puglisi et al., 2017). Given SFRFUV , SFR[O II] and SFRHα,obs estimates make similar
assumptions regarding the dust extinction, it would be reasonable to conclude that the
[O II] estimate is less than than the FUV estimate for ULASJ2315+0143 because the
rest-frame UV continuum emission in this source does not originate purely from a
star-forming host galaxy but rather has some contribution from scattered AGN light
as discussed above.

4.4.2 Multi-phase winds in ULASJ2315+0143

In this section, we discuss the line properties of ULASJ2315+0143 in the context of
AGN-driven winds as well as drawing comparisons to observations from other QSO
populations.

There exists a relationship between BLR outflows, as probed by the C IV blueshift, and
both MBH and Eddington-scaled accretion rate in blue quasars. This relationship is
evident in both simulations (e.g. Giustini & Proga, 2019) and observations of blue
Type 1 SDSS quasars up to zsys ∼ 4 (e.g. Temple et al., 2023; Stepney et al., 2023). The
dependence of C IV blueshift on the MBH-λEdd plane tells us how BLR outflows are
linked to the accretion physics of QSOs. For significant (> 1000 km s−1) C IV blueshifts,
quasars require λEdd > 0.2 and MBH > 109M⊙. Our observations of
ULASJ2315+0143 are consistent with this picture, with a relatively strong C IV

blueshift, V50 = 1075km s−1, owing to the large SMBH mass, MBH = 1010.26M⊙, and
Eddington-scaled accretion rate, log10(λEdd) = −0.19. Fundamentally, this suggests
that the dependence of BLR outflow velocities on black hole mass and accretion rate is
broadly similar in blue and heavily reddened quasars.

Moving to kpc-scales, we can probe NLR winds with the [O III] emission line W80
(e.g. Perrotta et al., 2019; Coatman et al., 2019; Temple et al., 2019; Villar Martı́n et al.,
2020). In Fig. 4.13, we compare the BLR and NLR wind velocities of
ULASJ2315+0143 to a sample of blue QSOs Temple et al. (2024) and show that
ULASJ2315+0143 appears consistent with the trend observed in optically selected
quasars. While ULASJ2315+0143 shows evidence of significant NLR winds, as probed
by [O III] W80, the object is not extreme. This picture is consistent with the BLR winds
as probed by C IV blueshift. Since the winds in both the broad and narrow line regions
are similarly moderate, a common mechanism could be responsible for the gas
velocities at these different scales.



4.4. Discussion 105

0 500 1000 1500 2000 2500 3000
W80 [OIII] [kms 1]

500

0

500

1000

1500

2000

2500

3000

V5
0

C
IV

[k
m

s
1 ]

Blue QSOs
ULASJ2315+0143

FIGURE 4.13: The C IV emission line centroid [O III] W80 relation for a sample of blue
SDSS quasars Temple et al. (2024) are presented in grey. ULASJ2315+0143 , presented
in red, shows evidence of significant (though not extreme) BLR and NLR winds, con-
sistent with the trend observed in blue SDSS quasars.

In addition, we can harness the [O III] emission to investigate the energetics of the
outflowing ionised gas. By assuming a symmetric biconical geometry and that the
emitting clouds have the same density, Cano-Dı́az et al. (2012) derive the following
expression for the mass-loss rate of the NLR outflow;

Ṁion
out = 164

L44([O III]) v3

⟨ne3⟩ 10[O/H] Rkpc
M⊙ yr−1 (4.5)

where L44([O III]) is the broad [O III] line luminosity in units 1044 erg s−1, v3 is the
outflow velocity in units of 1000 km s−1, ⟨ne3⟩ is the NLR outflow electron density in
units of 1000 cm−3, 10[O/H] is the oxygen abundance in solar units and Rkpc is the
radius of the outflowing region in units of kpc. Given the uncertainty in the amount of
dust attenuation affecting the NLR, we use the measured [O III] luminosity from the
spectrum before any dust correction is applied. The kinetic power associated with the
outflow is then given by Eqn. 4.6;

ϵ̇ion
k = 5.17 × 1043 C L44([O III]) v3

3

⟨ne3⟩ 10[O/H] Rkpc
erg s−1 (4.6)
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where C = ⟨ne3⟩2/⟨n2
e3⟩ ≈ 1. As in Perrotta et al. (2019), we assume that since the

[O III] emission is not core dominated in ULASJ2315+0143 , v98 = 2521 km s−1 serves as
a good indicator for the outflow velocity and adopt solar metallicities. Using the line
ratios between the narrow and broad components of [O III] (Fig. 4.7), we attribute
∼ 75 per cent of the total line luminosity to the broad outflow component. Bischetti
et al. (2017) find that amongst the WISSH broad-line quasar sample ⟨ne3⟩ ∼ 200cm−3

and the [O III] emission regions are extended to 1-7 kpc. Since we have no spatially
resolved data for the [O III] emission in ULASJ2315+0143 at present, we adopt the 4
kpc threshold for strong [O III] winds reported in another HRQ from our sample in
Banerji et al. (2012) - ULASJ1002+0137 - which was observed by Veilleux et al. (2023).
Applying these assumptions to Eqn. 4.5 and Eqn. 4.6 yields Ṁout

ion = 199 M⊙ yr−1 and
ϵ̇ion

k = 1044.61erg s−1 ∼ 0.001 LBol .

The kinetic power of the ionised gas outflows in ULASJ2315+0143 is consistent with
the blue quasars presented in Shen et al. (2011), given its bolometric luminosity,
however, they seems relatively weak when compared to the ERQs presented in
Perrotta et al. (2019). It is important though to be mindful of the different assumptions
made in the kinetic power estimates of the two samples. Firstly in ERQs the entire
[O III] line luminosity is attributed to the outflow whereas we attribute ∼ 75 per cent
of the total line luminosity to the broad outflow component based on our line fits.
Secondly, Perrotta et al. (2019) adopt Rkpc = 1 since two of their ERQ’s [O III] emission
regions are spatially unresolved down to a resolution of ∼ 1.2kpcs by the W.M. Keck
Observatory OSIRIS integral field spectrograph (IFS) significantly smaller than our
assumption of 4 kpc. Both of these assumptions are likely to overestimate the kinetic
power of the outflows by a factor of several relative to our assumptions. In addition, if
we assume the colour [i − W3Vega] is a good indicator of the dust extinction in these
systems ([i − W3Vega] ∼ 7.78 for ULASJ2315+0143 ), ULASJ2315+0143 suffers more
extinction than the average ERQ. Hence the [O III] line luminosity may be more
attenuated in ULASJ2315+0143 , resulting in an underestimate of the kinetic power
when compared to the ERQ sample. Neither estimate corrects the observed [O III]
luminosity for dust extinction. Given these assumptions, the ionised outflows
observed in ULASJ2315+0143 are likely similar to those observed in ERQs in terms of
mass-loss rate and kinetic power.
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4.5 Conclusions

We have presented a high-resolution rest-frame UV to optical X-Shooter spectrum of a
hyper-luminous heavily reddened quasar at z = 2.566 - ULASJ2315+0143 . We
spectroscopically confirm the presence of excess UV emission relative to a
dust-reddened quasar SED, which was initially noted in broadband photometric
observations of this source. We fit the spectrum with several composite SED models to
simultaneously explain the dust-attenuated rest-frame optical and excess rest-frame
UV emission and also conduct a comprehensive analysis of the numerous emission
and absorption line features detected in the spectrum. Our main findings are as
follows:

• We confirm that the blue photometric colours of this source (Wethers et al., 2018)
can not be explained by a simple dust-attenuated quasar model. If a secondary
AGN component is responsible for the excess UV emission as seems likely based
on the detection of broad emission lines in the UV, the luminosity of this blue
AGN component is just 0.05 per cent of the total luminosity inferred from the
dust-attenuated quasar component which has log10{λLλ(3000Å)[erg s−1]} =
47.9 and a dust extinction of E(B − V)QSO = 1.55 mag. Based on analysis of the
rest-frame UV imaging for this source, we rule out the presence of a dual AGN
system. We conclude that we would require an extremely contrived dust
geometry for just 0.05 per cent of the intrinsic AGN emission to ”leak” through
the obscuring medium and we therefore suggest that scattered AGN light
scattering off dust in the interstellar medium of the host galaxy can explain the
broad emission lines seen in the rest-frame UV and potentially the UV
continuum emission.

• We detect narrow [O II] emission without any significant emission from either
[Ne III] or [Ne V] and we therefore suggest that at least some of this [O II]
emission is likely coming from the star-forming host galaxy of the dusty quasar.
We also detect narrow Lyα emission at the systemic redshift of the quasar with
an equivalent width and Lyα to NV ratio that is much higher than typically
observed in blue quasars. Once again, some contribution from a star-forming
host galaxy could be responsible for the narrow Lyα emission. Finally a
composite dusty quasar + star-forming host galaxy fit to the X-Shooter spectrum
provides a good match to the rest-frame UV and optical continuum shape
though of course it cannot reproduce the broad emission lines in the UV. We
conclude that the narrow low-ionisation nebular emission lines seen in the
spectrum and potentially some of the UV continuum could also be coming from
the quasar host galaxy. This is corroborated by analysis of the rest-frame UV
image of this source from HyperSuprimeCam which shows evidence for
spatially extended emission.
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• We analyse the mid infra-red SED of ULASJ2315+0143 in an attempt to constrain
the location of any dust that is responsible for attenuating the quasar emission
and also potentially scattering some of the rest-frame UV emission to our
line-of-sight. We find that ULASJ2315+0143 has an extremely flat and atypical
mid infrared SED with a ratio between the hot dust and accretion disk
component at 2µm that is at least a factor of 5 lower than the average blue SDSS
quasar at the same redshift. This suggests significant depletion of any hot
(> 1000K) dust component on toroidal scales. Hence, we propose that the bulk
of the obscuring medium is on ISM, rather than nuclear, scales. An extended
scattering medium is consistent with the blueshifts observed in the rest-frame
UV high-ionisation lines -e.g. C IV and N V, since a dense circumnuclear cocoon
would likely result in the symmetrical line profiles such as those observed in
ERQs.

• We detect numerous associated absorption line (AAL) systems in the rest-frame
UV across a range of species and velocity components including blueshifted
absorption features in C IV, N V, Si IV and Si III as well as potentially redshifted
features in Si III and C IV.

• Using the Balmer lines and the optical continuum luminosity (Lλ(5100 Å)), we
estimate the black-hole mass log10(Hβ, MBH[M⊙]) = 10.26 ± 0.05, bolometric
luminosity LBol = 1048.16 erg s−1 and Eddington-scaled accretion rate
log10(λEdd) = −0.19. Our optical-derived bolometric luminosity implies an
X-ray bolometric correction log10(kBol , LX) = 2.56. The bolometric correction
implied from the mid-infrared luminosity log10(kBol , L6µm) = −0.66.

• We find evidence for significant outflows affecting both the BLR and NLR gas.
The C IV blueshift is 1080±110 km s−1 and the [O III] W80 is 1830±350 km s−1.
However, in the context of outflows seen in other luminous quasar populations,
these values are not extreme and could be explained by the significant black hole
mass of ULASJ2315+0143 . Using the [O III] velocity we estimate the mass
outflow rate for the ionised gas Ṁout

ion = 199 M⊙ yr−1, with a corresponding
kinetic power ϵ̇ion

k = 1044.61erg s−1 ∼ 0.001 LBol . This is consistent with SDSS blue
quasars at comparable luminosity.
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Chapter 5

The spectral energy distributions of
heavily reddened quasars

”The road of [UV]excess leads to the palace of wisdom”

William Blake

All work presented in this Chapter is my own, completed with guidance and support from my
co-authors.
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5.1 Introduction

As discussed in Chapters 1 & 4, the last 10 years have seen a proliferation in the
discovery of numerous classes of dust-obscured AGN - e.g. heavily-reddened quasars
(HRQs; Banerji et al., 2012, 2015; Stepney et al., 2024), Extremely Red Quasars (ERQs;
Hamann et al., 2017) and Hot Dust Obscured Galaxies (Hot DOGs; Eisenhardt et al.,
2012; Assef et al., 2015). More recently, at zsys ≳ 5, JWST observations have also
uncovered a new population of ”Little Red Dots” (LRDs; Onoue et al., 2023; Kocevski
et al., 2023; Williams et al., 2024; Greene et al., 2024; Gillette et al., 2024). While the true
nature of some sub-samples of LRDs is still hotly debated (e.g. Matthee et al., 2024), 60
per cent of the objects from the UNCOVER field show definitive evidence of broad
(FWHM > 2000 km s−1) Hα emission and are therefore classified as dust-reddened
AGN (Greene et al., 2024).

The primary aim of this chapter is to understand the full ultraviolet to near-infrared
SED properties of the HRQ population, placing them in the context of the other classes
of red AGN - which may each represent a different stage in black hole/galaxy growth
(Hopkins et al., 2008). A key finding from Chapter 4 is the identification of a
significant excess in the rest-UV continuum emission of ULASJ2315+0143 , despite the
significant level of extinction suffered at rest-optical wavelengths. The SEDs of an
additional 13 luminous (LBol > 1046 erg s−1) HRQs also show evidence of similarly
blue photometric colours in the rest-UV (Wethers et al., 2018), however, the rest-UV
photometry has since been superseded by significantly deeper and higher resolution
data since the study was conducted and it is unclear whether such a continuum is
ubiquitous amongst the whole HRQ population.

Looking to other red populations, a UV excess has been detected in a number of Hot
DOGs - although the relative strength of the UV continuum is higher than that
detected in ULASJ2315+0143 (Assef et al., 2020). Interestingly, polarisation studies of
Hot DOGs confirm that scattered AGN emission is at least partially responsible for
their blue rest-UV continua (Assef et al., 2022), consistent with our Chapter 4 finding
that ULASJ2315+0143 hosts broad emission lines in the rest-UV. Similarly, many LRDs
are known to host blue rest-frame UV photometric colours (e.g. Onoue et al., 2023;
Kocevski et al., 2023; Greene et al., 2024; Kocevski et al., 2024). SED models suggest that
the rest-UV continuum of LRDs is consistent with both host galaxy star formation (e.g,
Pérez-González et al., 2024) as well as scattered light from the dust-obscured AGN
(e.g. Williams et al., 2024) - similar to the models we explored for ULASJ2315+0143 in
Chapter 4. Furthermore, the inferred rest-frame UV luminosities of LRDs are
significantly fainter than that of UV-selected AGN at similar epochs
(−20 < MUV < −16), consistent with a less-than-one per cent scattering of the
accretion disk emission (Greene et al., 2024) and our work on ULASJ2315+0143 .
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In addition to the rest-UV continuum, in Chapter 4 we find that the SED of ULASJ2315
+0143 hosts peculiar near-infrared properties. The discovery of weak sublimation
temperature dust emission in ULASJ2315+0143 when compared to luminous blue
quasars from SDSS (e.g. Temple et al., 2021b) could be interpreted as evidence for a
”blow-out” phase (Stepney et al., 2024). In the ”blow-out” phase framework, the
earliest phase most likely features a reservoir of dense gas and dust surrounding the
central engine. Assuming that the different dusty quasar populations correspond to
distinct evolutionary phases, this cocoon-like structure is consistent with the extreme
column densities (NH ∼ 1023−24 cm−2) observed in both Hot DOGs (Assef et al., 2015)
and ERQs (Goulding et al., 2018). In Chapter 4, we argue that the transition phase
from heavily obscured systems (e.g. ERQs and Hot DOGs) to the UV-luminous
quasars observed in SDSS corresponds to HRQs. Observations of HRQs confirm more
modest column densities NH ∼ 1022 cm−2 and strong outflows in the ionised gas - (e.g.
Lansbury et al., 2020; Stepney et al., 2024) - suggesting that strong radiative feedback
processes have begun clearing gas and dust from the central engine in a ”blow-out”
phase.

While the Hot DOG selection biases the sample towards dust-rich objects (Eisenhardt
et al., 2012; Assef et al., 2015), the mid-infrared photometry of a sub-sample of LRDs
show evidence of remarkably similar mid-infrared emission to ULASJ2315+0143
(Williams et al., 2024; Akins et al., 2024) - suggesting that heavily extincted AGN may
still host sublimation-temperature dust-poor environments. Interestingly, only 2/341
LRDs are detected in the X-ray, however, both X-ray detected LRDs show evidence of
high column densities, log10(NH

[︁
cm−2]︁) ∼ 23, consistent with ERQs and Hot DOGs

(Goulding et al., 2018; Assef et al., 2015). One interpretation for the absence of X-ray
detections across the rest of the LRD sample is that they generally host denser gas
columns of neutral hydrogen with higher covering fractions than typically observed
in HRQs (e.g. log10(NH) ∼ 22; Lansbury et al., 2020), which can extend to ISM scales
(Kocevski et al., 2024). Alternatively, Greene et al. (2024) propose that prolonged
episodes of super-Eddington accretion could explain why LRDs are X-ray weak when
compared to their optical luminosities. However, without large-scale spectroscopic
confirmation it is still possible that some LRDs are starburst galaxies and the observed
absence of hot (> 1000K) dust emission is due to their mid-infrared SEDs tracing
stellar populations whose spectra peak at ∼ 0.5 − 3µm in the rest frame (Sawicki,
2002).

Given the diversity of red AGN populations, their ubiquity, and their potentially
crucial role in galaxy/black hole co-evolution, it is necessary to extend the study of
HRQs to larger samples so that the links between the various red AGN populations
can be studied more robustly. For this reason, we will explore the SED properties of 60
HRQs in the rest-frame ultra-violet to near-infrared. Studying the SED properties of
the broader HRQ population will help develop the understanding of obscured
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accretion and enable a more robust comparison between the HRQ phase and other
cosmic noon quasar populations such as luminous blue quasars, ERQs and Hot DOGs.
Furthermore, by comparing HRQs with the newly emerging LRD population, it will
be possible to infer the similarities and differences between obscured accretion in
objects of different black-hole mass and redshift.

The structure of this chapter is as follows: Section 5.2 details the selection and
preparation of the photometric data. In Section 5.3 we detail the spectral energy
distribution modelling of 60 HRQs before discussing our results in Section 5.4. Then,
in Section 5.5, we discuss the full ultra-violet to near-infrared SED properties of HRQs
in the context of JWST’s LRD population, as well as Hot DOGs, ERQs and blue
quasars - before presenting our conclusions in Section 5.6.

5.2 Data

5.2.1 Photometric data and sample selection

In this work we study the heavily reddened quasars (HRQs) selected in Banerji et al.
(2012), Banerji et al. (2013), Banerji et al. (2015) and Temple et al. (2019). The selection of
the HRQ sample is discussed in detail in Banerji et al. (2012) and Banerji et al. (2015),
however, we briefly summarise it here. We utilise photometry from the United
Kingdom Infrared Deep Sky Survey (UKIDSS), the Visible and Infrared Survey
Telescope for Astronomy (VISTA) and the Wide-field Infrared Sky Explorer (WISE) for
the selection. The rest-optical emission is likely quasar dominated (e.g. Wethers et al.,
2018), hence point-like magnitudes are extracted in the infrared. The sources are
selected via their near and mid-infrared colours, with additional i-band constraints
(where available at the time of selection) to ensure red continua at rest-UV/optical
wavelengths. Consequently, the selection criteria are as follows;

• KAB < 18.9 | KAB < 20.31

• (J − K)AB > 1.6

• (W1 − W2) > 0.85

• iAB > 20.5

• (i − K)AB > 2.5

1For the shallower surveys - e.g. the VISTA Hemisphere Survey (VHS; McMahon et al., 2013) and the
UKIDSS Large Area Survey (UKIDSS-LAS; Lawrence et al., 2007) - KAB < 18.9 mag was used. For the
deeper VISTA Kilo-degree Infrared Galaxy survey (VIKING; Edge et al., 2013), KAB < 20.3 mag was used.
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To extend our photometric coverage to bluer wavelengths, we adopt a 1” search
radius to cross-match the HRQ sample with the following optical surveys; the
Panoramic Survey Telescope and Rapid Response System (Pan-STARRS - DR1;
Chambers et al., 2016), the Sloan Digital Sky Survey (SDSS - DR16; Ahumada et al.,
2020), the Dark Energy Survey (DES - DR2; Abbott et al., 2021), HyperSuprime Camera
Subaru Strategic Program (HSCSSP - DR3; Aihara et al., 2022) and the Kilo-Degree
Survey (KiDS - DR5; Wright et al., 2024). Combining these surveys enables the study
of the ugriz − YJHK − W1W2 photometry, where available, with an approximate
rest-frame wavelength coverage 1000Å-3µm at zsys ∼ 2. Given the tendency of HRQs
to be extended in the rest-UV (Wethers et al., 2018), we make use of extended
magnitudes in the optical surveys - e.g. CModel magnitudes for HSC and
MAG AUTO for DECam, Pan-STARRS and SDSS. The result is a sample of 60 HRQs
with redshifts 0.7 ≲ zsys ≲ 2.6 (calculated from rest-optical spectra; Banerji et al., 2012,
2015; Temple et al., 2019), 49 of which have redshifts zsys > 1.5.

Several of the HRQs have photometric coverage in the same band from multiple
surveys, therefore, we calculate weighted means across the bands to combine the
photometry and boost the signal-to-noise, where possible. The weights are defined by
the inverse variance of each observation. The name and weight of each filter
contributing to a given photometric band is then recorded so that the photometry can
be self-consistently modelled while fitting the spectral energy distributions (SEDs - see
Section 5.3 for details). The uncertainties in a given band are calculated using the
standard error on the weighted mean.

There are a total of seven sources for which we have rest-UV/optical data from
Pan-STARRS, SDSS, DECam and HSC. We find that the average percentage difference
between the surveys and the weighted mean calculated for each band is ∼ 10 per cent.
This difference is consistent with the known variability observed in quasar continua at
rest-UV/optical wavelengths (e.g. Hook et al., 1994). Hence, to account for this
variability, we impose a 10% floor on the photometric uncertainties in bands for which
there is only photometric data available from a single survey. Finally, we discard any
photometric bands whose signal-to-noise, S/N < 3. The final catalogue is presented
in Appendix A.

5.2.2 Spectroscopic data

In addition to the broad-band photometry, we have also obtained rest-frame UV
spectroscopic data for the HRQ with the brightest g-band flux - ULASJ2200+0056. The
spectra were obtained via the Robert Stobie Spectrograph (RSS; Burgh et al., 2003;
Kobulnicky et al., 2003; Rangwala et al., 2008) mounted to the Southern African Large
Telescope (SALT; Buckley et al., 2006). The observations were designed to obtain
moderate signal-to-noise (S/N ∼ 5) rest-UV spectra of the HRQs. The pg0900 grism,
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with an observed wavelength coverage of 4486 to 6533Å, was chosen for the
observations. All camera angles were considered to ensure that the C IV, He II and
[C III] emission lines do not overlap with the gaps between the CCD chips. Given the
faint nature of the rest-UV emission (rAB ≃ 21.48), the exposure time for
ULASJ2200+0056 was 2478 seconds.

The spectra were reduced using the PyRAF package - an STScI-developed command
language for running IRAF tasks in Python (Science Software Branch at STScI, 2012).
The individual spectra were then extracted using standard IRAF procedures for
wavelength calibration, background subtraction and extraction of the 1D spectra. The
wavelength calibration was performed using Xenon (Xe) lamp exposures taken
immediately after the science spectra.

5.3 Methods

In this section, we discuss the spectral energy distributions (SEDs) of the HRQ sample
discussed in Section 5.2. As in Chapter 4, we model the quasar emission using the
QSOGEN2 tool, a Python package that implements an empirically-motivated
parametric model to simulate quasar colours, magnitudes and SEDs (Temple et al.,
2021b). We again make use of EMCEE, a Python package3 that explores the likelihood
space using the affine-invariant ensemble sampler - proposed by Goodman & Weare
(2010). Given that QSOGEN adopts a single blackbody with an effective temperature
Teff = 1280 K and peak wavelength λpeak = 2µm to describe the sublimation
temperature dust emission, we limit our SED fits to 1000Å < ˘ < 3¯m in the rest frame.
This prevents the overextension of the SED model into redder wavelengths, where it is
not designed to reproduce dust emission at colder temperatures, and is consistent
with the method adopted in Temple et al. (2021a) for blue SDSS quasars - with
redshifts, 1.5 < zsys < 2.65 and an average 3000Å continuum luminosity
log10{λLλ(3000Å) [erg s−1]} = 45.6.

5.3.1 Dust-reddened quasar model fit

In Chapter 4, we discovered that the HRQ - ULASJ2315+0143 - hosts an excess in the
rest-UV emission given the extinction inferred at rest-optical wavelengths. However,
it remains unclear whether excess UV emission is ubiquitous in the HRQ population.
Consequently, we initially chose a dust-reddened quasar SED model with just three
free parameters to fit the entire sample. The free parameters are as follows - (i) the
3000Å continuum luminosity of the quasar, log10{λLλ(3000Å)[erg s−1]} - (ii) the dust

2https://github.com/MJTemple/qsogen
3https://github.com/dfm/emcee

https://github.com/MJTemple/qsogen
https://github.com/dfm/emcee
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extinction, E(B-V)QSO and (iii) the ratio in luminosity between the sublimation
temperature dust and the tail of the UV/optical continuum slope at 2µm,
LDust/LDisk|2µm, which can be used as a proxy for the amplitude of the sublimation
temperature dust emission (e.g. Figure 1; Temple et al., 2021a). Hence, we permit the
EMCEE package to explore an N-dimensional Gaussian likelihood function, where N
represents the number of free parameters in the fit (N=3), and apply uniform priors.

As in Stepney et al. (2024), we assume the quasar extinction law discussed in Section
2.6 of Temple et al. (2021b), which is similar to those derived by Czerny et al. (2004)
and Gallerani et al. (2010). In addition, QSOGEN features the emline type parameter,
which controls the equivalent widths of the key quasar emission lines - such as Hα

and C IV - giving the code the flexibility to vary the emission line contributions to the
SED (Temple et al., 2021b). The code is constructed such that the emline type
parameter scales linearly with the observed EWs; therefore, we use the Hα EWs
reported in (Banerji et al., 2012, 2015; Temple et al., 2019; Stepney et al., 2024) to fix the
emline type parameter in our fitting. To estimate the emline type, we use the measured
Hα EW as well as the Hα EW and emline type of ULASJ2315+0143 from Chapter 4 to
conduct a linear interpolation. We use the default value - emline type = 0 - for those
objects for which we do not have Hα measurements, as there is no evidence to suggest
that the line EWs of HRQs differ from the blue SDSS quasars on which QSOGEN was
developed (Temple et al., 2019). We list the emline type of each HRQ in Table 5.1.

QSOGEN also has the ability to model the effect of the host galaxy on a quasar’s SED.
The default host galaxy model used in QSOGEN is the S0 template from the SWIRE
library (Polletta et al., 2007; Rangwala et al., 2008). The S0 template was chosen as it
best replicates the median near-infrared photometry of the blue SDSS quasars (section
2.5; Temple et al., 2021b). For the purpose of our preliminary SED fits, we set the host
galaxy fraction, f ragal = 0, however, we do explore the effects of introducing a
non-zero host galaxy contribution on our final SED fits in Section 5.3.2.1.

Given that, for many of the HRQs, the photometric data comprise the weighted means
of multiple surveys with different filter transmission curves, we adopt the following
recipe to ensure that the model photometry is consistent with how the corresponding
photometric data were constructed. First, we download the appropriate filter
transmission curves from the SVO Filter Profile Service (Rodrigo et al., 2012; Rodrigo
& Solano, 2020). We then calculate the model photometry for each filter and combine
like photometric bands using the same weights as adopted when constructing the
initial data.
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TABLE 5.1: The Hα EWs taken from Banerji et al. (2012, 2015); Temple et al. (2019);
Stepney et al. (2024) and their corresponding emline type for the entire HRQ sample.
Where Hα EWs are unavailable, we assume emline type = 0.

Object Hα EW emline type
ULASJ0016-0038 883 2.2
ULASJ0041-0021 281 -3.2
ULASJ0123+1525 1379 4.0
ULASJ0141+0101 490 -1.3
ULASJ0144+0036 377 -2.3
ULASJ0144-0114 286 -3.2
ULASJ0221-0019 656 0.1
ULASJ1002+0137 − 0.0
ULASJ1234+0907 432 -1.8
ULASJ1415+0836 − 0.0
ULASJ1539+0557 − 0.0
ULASJ2200+0056 461 -1.5
ULASJ2224-0015 624 -0.1
ULASJ2312+0454 − 0.0
ULASJ2315+0143 820 1.4
VHSJ1117-1528 342 -2.6
VHSJ1122-1919 513 -1.1
VHSJ1301-1624 364 -2.4
VHSJ1350-0503 − 0.0
VHSJ1409-0830 − 0.0
VHSJ1556-0835 733 0.7
VHSJ2024-5623 1148 3.9
VHSJ2028-4631 647 0.1
VHSJ2028-5740 905 2.3
VHSJ2048-4644 796 1.3
VHSJ2100-5820 672 0.2
VHSJ2101-5943 1193 4.0
VHSJ2109-0026 1070 3.1
VHSJ2115-5913 529 -1.0
VHSJ2130-4930 448 -1.7
VHSJ2141-4816 767 0.9
VHSJ2143-0643 845 1.9
VHSJ2144-0523 768 0.9
VHSJ2212-4624 1539 4.0
VHSJ2220-5618 450 -1.7
VHSJ2227-5203 695 0.4

Continued on next page
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Table 5.1 – continued from previous page
Object Hα EW emline type

VHSJ2256-4800 650 0.1
VHSJ2257-4700 1320 4.0
VHSJ2306-5447 1686 4.0
VHSJ2332-5240 960 2.7
VHSJ2355-0011 1155 3.3
VIKJ2205-3132 485 -1.3
VIKJ2214-3100 − 0.0
VIKJ2228-3205 560 -0.7
VIKJ2230-2956 − 0.0
VIKJ2232-2844 762 0.8
VIKJ2238-2836 − 0.0
VIKJ2241-3006 − 0.0
VIKJ2243-3504 445 -1.7
VIKJ2245-3516 − 0.0
VIKJ2251-3433 − 0.0
VIKJ2256-3114 394 -2.2
VIKJ2258-3219 − 0.0
VIKJ2306-3050 − 0.0
VIKJ2309-3433 647 0.0
VIKJ2313-2904 − 0.0
VIKJ2314-3459 414 -2.0
VIKJ2323-3222 475 -1.4
VIKJ2350-3019 337 -2.7
VIKJ2357-3024 − 0.0

We calculate an average reduced chi-squared statistic, ⟨χ2
ν⟩ = 15.3, for the

single-component SED model, however, this reduces to ⟨χ2
ν⟩ = 2.2 when we consider

only the 10/60 HRQs whose wavelength coverage does not extend blue-ward of
4000Å. This both suggests that the average HRQ SED is inconsistent with a typical
dust-attenuated quasar SED and that the primary driver of the poor SED fits is the
rest-frame UV photometry. Given that a single-component SED model is seemingly
insufficient to fit the photometric data for most HRQs, we explore a multi-component
SED model as an alternative in Section 5.3.2.



118 Chapter 5. The spectral energy distributions of heavily reddened quasars

5.3.2 Dust-reddened quasar + scattered light model fit

In Chapter 4, we find that the UV continuum of ULASJ2315+0143 is consistent with
both scattered AGN emission and star formation in the merging host. Consequently,
these two models are degenerate and yield an equally good fit to the continuum.
Therefore, we need only adopt one multi-component SED model to fit the rest-UV
photometry of HRQs. Since broad rest-frame UV emission lines are also detected in
ULASJ2315 +0143, we employ a two-component SED model composed of a
dust-attenuated quasar and scattered AGN emission for the 50/60 HRQs whose
wavelength coverage extends blue-ward of 4000Å in the rest frame.

Our updated SED model now has an additional free parameter - i.e. the fraction of the
total intrinsic quasar SED scattered at rest-UV wavelengths, FUV. Therefore, only those
objects whose wavelength coverage extends across ≥ 5 photometric bands are re-fit
with the updated model - accounting for all 50/60 HRQs with coverage blue-ward of
4000Å . We impose the following criteria for the UV excess to be considered
statistically significant - (i) the scattered component must contribute at least 50 per
cent of the flux to the blue-most photometric band - (ii) the χ2

ν of the two-component
model must represent > 2 multiplicative factor improvement over the
single-component model and (iii) the best-fit SED model without the additional
scattered component must satisfy χ2

ν ≥ 5. Objects that meet just two of these criteria
are considered inconclusive results. Objects that fail to meet at least two of these criteria
are not considered to host a statistically significant UV excess, and the scattered
component is therefore rejected. Should all three criteria be met, the UV excess is
considered confirmed. An example of each case is presented in Fig. 5.1.
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FIGURE 5.1: Example SED fits for HRQs where a UV excess is ”confirmed” (top),
”inconclusive” (middle) or ”rejected” (bottom). The photometric data and associated
uncertainties are presented in black. The best-fit SED model and photometry are pre-
sented by the blue line and triangles. The dust attenuated quasar component and
photometry are presented by the orange line and triangles. In the ”confirmed” case,
there is clear evidence of a UV excess. In the ”inconclusive” case, there is tentative
evidence of a UV excess, but the wavelength coverage does not extend blue enough
to constrain the model. In the ”rejected” case, there is no evidence to support that the
two-component model yields a better fit than a single-component reddened quasar
SED.

5.3.2.1 Exceptions and special cases

The quality of the SED fits is again determined by the reduced chi-squared statistic,
χ2

ν. We initially calculate an average reduced chi-squared for the entire HRQ sample,
⟨χ2

ν⟩ = 2.6 for our multi-component model. This increases to ⟨χ2
ν⟩ = 7.6 when only

objects whose systemic redshifts satisfy zsys < 1.5 are considered. The poorer model
fitting to the lower redshift objects is most likely driven by contributions from old
stellar populations in the quasar host galaxy. The average optical luminosity of the
zsys < 1.5 sample is log10{λLλ(3000Å) [erg s−1]} = 45.7 compared to
log10{λLλ(3000Å) [erg s−1]} = 47.1 at zsys > 1.5. Consequently, the stellar continuum
in the lower-redshift objects may contribute more significantly to the SED at
near-infrared wavelengths.
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FIGURE 5.2: The ”best-fit” SED for the HRQ VIKJ2258-03219 with no galaxy contribu-
tion (Panel A) and with f ragal = 0.05 (Panel B). The photometric data and associated
uncertainties are presented in black. The best-fit SED model and photometry are pre-
sented by the blue line and triangles. The dust attenuated quasar component and
photometry are presented by the orange line and triangles. At near-infrared wave-
lengths the model is unable to reproduce the photometry in Panel A, suggestive of old
stellar populations having a significant contribution to the SED in this region. Hence,
the inclusion of a galaxy component in Panel B improves the fit.

As discussed in Section 5.3.1, QSOGEN has the flexibility to model the host galaxy
contribution to the SED via the inclusion of the SWIRE S0 template. The S0 template
was chosen as it best replicates the median near-infrared photometry of the blue SDSS
quasars on which QSOGEN was designed (section 2.5; Temple et al., 2021b), and
therefore we do not expect the template to fully reproduce the UV excess in the
zsys < 1.5 HRQ sample. To determine the optimal galaxy fraction, we model the SEDs
of the low-redshift sample setting the host galaxy fraction,
f ragal = 0.01, 0.03, 0.05, 0.07, 0.09. We then determine the average reduced
chi-squared statistic after each run and find that the optimum galaxy fraction is
f ragal = 0.05, yielding an average reduced chi-squared of ⟨χ2

ν⟩ = 3.2. An example
SED is presented in Fig. 5.2, illustrating how the inclusion of the host galaxy
component can significantly improve the SED model at infrared wavelengths. With
the addition of the host galaxy component, the average reduced chi-squared for the
zsys > 1.5 sample is ⟨χ2

ν⟩ = 2.4, decreasing to ⟨χ2
ν⟩ = 1.9 when the S0 template is

omitted - for this reason we only include a host galaxy component in the SED fits for
those HRQs whose redshifts satisfy the condition; zsys < 1.5.
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Finally, should a single photometric band dominate the χ2
ν - i.e. a single band

constitutes > 50 per cent of the model uncertainty - the photometry is culled and the
fit is rerun. The following objects have one photometric band removed from the fits
due to anomalous photometry4;

• ULASJ0123+1525: i-band
(Erroneous Photometry)

• ULASJ0141+0101: J-band
(Erroneous Photometry)

• ULASJ2312+0454: J-band
(Erroneous Photometry)

• VHSJ2028-4631: J-band
(Erroneous Photometry)

• VIKJ2251-3433: J-band
(Erroneous Photometry)

• VIKJ2205-3123: r-band
([C III] emission)

The final best-fit parameters are presented in Table 5.2, the quoted uncertainties
represent only the Monte-Carlo uncertainties on the free parameters, and hence do not
account for the uncertainties associated with flux extraction and calibration. The 10
HRQs for which it was not possible to conduct a multi-component SED fit to model
the UV Excess are classified as ”N/A”. In addition, we present all SED fits in
Appendix B.

4These amendments are reflected in the final catalogue presented in Appendix A



122
C

hapter
5.

T
he

spectralenergy
distributions

ofheavily
reddened

quasars

TABLE 5.2: The best-fit parameters for the 60 HRQs for which we conducted an SED fit with QSOGEN. Objects for which it was not possible to
model the UV Excess are classified as ”N/A”. Objects for which a UV excess was confirmed, rejected or yielded inconclusive results are denoted
as ”Conf.”, ”Rej.” or ”Inc.” respectively. HRQs whose redshift zsys < 1.5 are modelled with f ragal = 0.05, otherwise f ragal = 0.00 Uncertainties
represent the MCMC uncertainties only, and are therefore likely to be underestimated.

Object zsys log10{λLλ(3000Å)[erg s−1]} E(B-V)QSO [mag] FUV [%] LDust/LDisk|2µm χ2
ν UV Excess

ULASJ0016-0038 2.194 46.63±0.05 0.51±0.03 − 2.40±0.36 2.7 Rej.
ULASJ0041-0021 2.517 47.27±0.04 0.87±0.02 0.05±0.01 0.35±0.22 3.3 Conf.
ULASJ0123+1525 2.629 48.12±0.09 1.74±0.09 0.05±0.01 2.06±0.37 5.9 Conf.
ULASJ0141+0101 2.562 46.61±0.05 0.48±0.03 0.86±0.04 1.94±0.39 4.4 Conf.
ULASJ0144-0114 2.505 47.31±0.10 0.84±0.04 0.11±0.01 1.96±0.29 1.3 Conf.
ULASJ0144+0036 2.283 47.14±0.10 0.84±0.04 0.02±0.01 0.44±0.29 1.6 Conf.
ULASJ0221-0019 2.247 46.91±0.04 0.74±0.02 0.10±0.02 2.43±0.27 1.1 Conf.
ULASJ1002+0137 1.595 46.59±0.06 1.13±0.07 0.06±0.01 0.50±0.26 1.8 Conf.
ULASJ1234+0907 2.503 48.13±0.07 1.69±0.08 − 1.05±0.34 7.8 N/A
ULASJ1415+0836 1.120 45.95±0.16 1.43±0.09 − 8.94±0.16 24.2 N/A
ULASJ1539+0557 2.658 48.03±0.07 1.26±0.06 − 1.26±0.37 0.4 N/A
ULASJ2200+0056 2.541 47.44±0.05 0.63±0.02 0.28±0.02 1.23±0.36 0.5 Conf.
ULASJ2224-0015 2.223 46.97±0.05 0.71±0.03 0.13±0.02 1.86±0.34 0.6 Conf.
ULASJ2312+0454 0.700 45.17±0.16 1.14±0.04 1.49±0.04 7.85±0.18 3.5 Conf.

Continued on next page
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Table 5.2 – continued from previous page

Object zsys log10{λLλ(3000Å)[erg s−1]} E(B-V)QSO [mag] FUV [%] LDust/LDisk|2µm χ2
ν UV Excess

ULASJ2315+0143 2.566 47.69±0.08 1.40±0.08 0.10±0.02 1.68±0.35 1.2 Conf.
VHSJ1117-1528 2.428 47.18±0.07 0.97±0.07 − 1.18±0.35 1.2 N/A
VHSJ1122-1919 2.464 47.36±0.06 0.87±0.06 − 0.68±0.32 4.2 N/A
VHSJ1301-1624 2.138 47.45±0.07 1.14±0.07 − 1.07±0.27 1.2 N/A
VHSJ1350-0503 2.176 47.18±0.05 0.77±0.03 0.26±0.01 1.04±0.35 0.8 Conf.
VHSJ1409-0830 2.300 47.13±0.07 0.94±0.08 − 2.10±0.34 1.6 N/A
VHSJ1556-0835 2.188 46.93±0.07 0.78±0.06 0.55±0.04 0.75±0.29 0.9 Conf.
VHSJ2024-5623 2.282 46.72±0.09 0.91±0.12 − 0.76±0.30 0.4 N/A
VHSJ2028-4631 2.464 46.59±0.05 0.49±0.03 1.51±0.06 2.42±0.29 0.6 Conf.
VHSJ2028-5740 2.121 47.66±0.06 1.19±0.04 0.03±0.01 1.60±0.33 3.1 Conf.
VHSJ2048-4644 2.182 46.79±0.05 0.09±0.01 0.86±0.06 2.87±0.29 1.3 Conf.
VHSJ2100-5820 2.360 47.08±0.06 0.90±0.03 0.03±0.01 1.58±0.31 1.9 Conf.
VHSJ2101-5943 2.313 47.27±0.09 0.63±0.03 − 2.41±0.33 1.9 Rej.
VHSJ2109-0026 2.344 46.66±0.04 0.64±0.03 0.29±0.02 1.73±0.34 2.9 Conf.
VHSJ2115-5913 2.115 47.49±0.05 1.07±0.04 0.12±0.01 1.62±0.32 1.6 Conf.
VHSJ2130-4930 2.448 47.21±0.06 0.92±0.04 0.13±0.02 1.43±0.37 2.2 Conf.

Continued on next page
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Table 5.2 – continued from previous page

Object zsys log10{λLλ(3000Å)[erg s−1]} E(B-V)QSO [mag] FUV [%] LDust/LDisk|2µm χ2
ν UV Excess

VHSJ2141-4816 2.655 47.38±0.05 0.87±0.03 0.14±0.01 1.14±0.38 0.6 Conf.
VHSJ2143-0643 2.383 46.93±0.08 0.81±0.09 0.75±0.04 1.99±0.28 0.4 Inc.
VHSJ2144-0523 2.152 46.81±0.07 0.82±0.08 − 2.26±0.35 1.7 N/A
VHSJ2212-4624 2.141 46.87±0.06 0.97±0.07 − 2.52±0.37 3.4 N/A
VHSJ2220-5618 2.220 47.74±0.04 0.92±0.02 0.04±0.01 2.24±0.37 1.4 Conf.
VHSJ2227-5203 2.656 47.15±0.08 0.76±0.04 0.13±0.02 2.14±0.36 7.9 Conf.
VHSJ2256-4800 2.250 47.23±0.05 0.85±0.03 0.19±0.02 2.63±0.35 3.1 Conf.
VHSJ2257-4700 2.156 46.69±0.05 0.74±0.03 0.13±0.03 2.48±0.36 0.3 Inc.
VHSJ2306-5447 2.372 46.93±0.05 0.78±0.03 0.11±0.01 1.32±0.34 1.1 Conf.
VHSJ2332-5240 2.450 46.64±0.04 0.73±0.04 0.53±0.01 1.78±0.35 3.7 Conf.
VHSJ2355-0011 2.531 47.29±0.05 0.90±0.04 0.24±0.02 2.68±0.34 0.8 Conf.
VIKJ2205-3132 2.307 46.57±0.05 0.71±0.03 0.15±0.02 0.70±0.30 4.0 Conf.
VIKJ2214-3100 1.069 45.72±0.04 1.47±0.12 0.25±0.03 7.37±0.34 14.5 Inc.
VIKJ2228-3205 2.364 46.13±0.06 0.66±0.04 0.39±0.03 2.14±0.37 0.6 Conf.
VIKJ2230-2956 1.319 46.08±0.03 1.63±0.13 0.36±0.03 6.06±0.36 6.6 Conf.
VIKJ2232-2844 2.292 46.92±0.03 0.89±0.06 − 1.76±0.26 0.9 Rej.

Continued on next page
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Object zsys log10{λLλ(3000Å)[erg s−1]} E(B-V)QSO [mag] FUV [%] LDust/LDisk|2µm χ2
ν UV Excess

VIKJ2238-2836 1.231 46.18±0.03 1.46±0.08 0.49±0.03 5.11±0.32 3.6 Inc.
VIKJ2241-3006 0.720 45.33±0.06 1.47±0.23 0.38±0.04 7.30±0.33 4.8 Conf.
VIKJ2243-3504 2.085 47.32±0.05 1.19±0.05 0.24±0.03 1.72±0.31 1.1 Conf.
VIKJ2245-3516 1.335 46.02±0.03 1.38±0.09 − 12.72±0.41 9.3 Rej.
VIKJ2251-3433 1.693 46.38±0.05 1.07±0.17 0.27±0.03 2.77±0.36 2.0 Conf.
VIKJ2256-3114 2.329 46.85±0.04 0.88±0.04 0.45±0.03 1.91±0.36 0.7 Conf.
VIKJ2258-3219 0.879 45.78±0.04 1.46±0.15 0.39±0.04 5.82±0.32 3.6 Conf.
VIKJ2306-3050 1.060 45.51±0.05 1.44±0.16 0.25±0.04 3.40±0.32 3.6 Inc.
VIKJ2309-3433 2.159 46.12±0.04 0.67±0.04 0.88±0.04 3.60±0.35 1.7 Conf.
VIKJ2313-2904 1.851 46.38±0.04 0.99±0.08 0.62±0.04 3.29±0.35 3.7 Conf.
VIKJ2314-3459 2.325 46.66±0.04 0.75±0.03 0.50±0.03 2.28±0.34 1.8 Conf.
VIKJ2323-3222 2.191 47.02±0.06 0.97±0.04 0.07±0.01 0.86±0.31 2.3 Conf.
VIKJ2350-3019 2.324 46.61±0.05 0.75±0.03 0.16±0.02 1.25±0.36 1.0 Conf.
VIKJ2357-3024 1.129 45.77±0.05 1.38±0.15 0.24±0.03 4.47±0.37 4.5 Conf.
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5.4 Results

5.4.1 Ubiquitous excess UV emission in HRQs

Our analysis suggests that excess UV emission is ubiquitous amongst HRQs. We find
a statistically significant UV excess in 41/50 of the HRQs for which photometric data
blue-ward of 4000Å was available, representing 82 per cent of the sample. Objects
without a statistically significant UV excess represent just 4/50 of the sample, or
equivalently 8 per cent. The remaining 5/50, or equivalently 10 per cent, of the HRQs
are considered inconclusive by our analysis. However, the average scattering fraction
of the HRQ sample is low - i.e. ⟨FUV⟩HRQs = 0.26% - when compared to other red
AGN populations (e.g. ∼ 3% in LRDs; Greene et al., 2024). Since the HRQ selection
was derived prior to the discovery of blue photometric colours in their rest-UV
continua (i.e. Wethers et al., 2018) and also the discovery of JWST’s LRDs, the i-band
magnitude and (i − K)AB colour selections may inadvertently show preference to
HRQs for which the scattering fraction, FUV, is low.

Fig. 5.3 shows that the i-band magnitude selection is unlikely to be the primary driver
of the low scattering fractions observed in HRQs. The i-band selection threshold (20.5
mag) is ∼ 3.2σ from the sample mean, ⟨iAB⟩ = 22.69 ± 0.69, and there is no correlation
between iAB and FUV, hence, the i-band selection is not directly linked to the low
scattering fractions. However, the (i − K)AB colour selection threshold (2.5 mag) is
only ∼ 2.0σ from the sample mean, ⟨(i − K)AB⟩ = 3.98 ± 0.75. We also observe a
strong anti-correlation between the scattering fraction, FUV, and the (i − K)AB colour -
with a Pearson Correlation Co-efficient RPCC = −0.86 and p-value = 3 × 10−12. This
suggests that should HRQs with scattering fractions FUV ≳ 1% exist, they would
breach the (i − K)AB colour selection and therefore would not appear in our sample.

5.4.1.1 Rest-Ultraviolet line properties of ULASJ2200+0056

A primary aim of this work is to determine the nature of the UV-excess in the HRQ
sample. Broad emission lines at rest-UV wavelengths have already been detected in
the VLT-XShooter spectrum of the HRQ - ULASJ2315+0143 - which has been
interpreted as scattered quasar emission (Stepney et al., 2024, see Chapter 4). To
determine whether scattered quasar emission is the primary source of the UV excess
in another HRQ, we turn our attention to analysing the rest-UV spectral line
properties of ULASJ2200+0056.

We detect both C IV λλ1548, 1551 and He IIλ1640 emission in the SALT spectrum of
ULASJ2200+0056 - Fig. 5.4. To determine the C IV line properties, we first define a
power-law continuum, f (λ) ∝ λ−α following the same recipe as described in Chapter
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FIGURE 5.3: The scattering fraction, FUV, vs the i-band magnitude (top) and the (i −
K)AB colour (bottom), calculated from the best-fit SED models for the 39 HRQs that
exhibit a statistically significant UV excess. The HRQ selections are represented by
dashed black lines in their respective panels. The i-band magnitude does not appear
correlated with FUV, however, there is a strong anti-correlation between FUV and the
(i − K)AB colour. It is likely that this colour selection prevents HRQs with higher
scattering fractions from being selected.

3 - i.e., we implement a non-parametric approach in which the median values of Fλ in
the two wavelength regions 1445–1465Å and 1700–1705Å are used to anchor the
power-law approximation (see; Coatman et al., 2016, 2017, for details). We use the
same recipe for He II, but adjust the blue wavelength region to 1600–1610Å.

We fit the C IV emission with a composite Gaussian model containing two components
- the first to reconstruct the core emission and the second to reconstruct any blue
wings. The detection of blue asymmetries in the C IV profile is interpreted as evidence
for broad-line region outflows (e.g. Richards et al., 2011; Baskin et al., 2015; Rankine
et al., 2020; Temple et al., 2024; Stepney et al., 2024). We fit the He II with a single
Gaussian component as low-ionisation lines are not expected to trace outflows. To
enable the most robust reconstructions of the emission line profiles, narrow absorption
features must first be masked. We adopt an iterative approach for this - similar to
Stepney et al. (2024). First, we fit the SALT spectra with our emission line model
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FIGURE 5.4: The SALT spectra of ULASJ2200+0056 in the C IV and He II emission re-
gions are presented in grey. The continua are presented in blue and the final line recon-
structions are presented in red. Both emission lines exhibit a FWHM >> 1000 km s−1

and are hence considered broad.

TABLE 5.3: The rest-UV emission line properties of the HRQ, ULASJ2200+0056.

Species EW [Å] V50 [km s−1] FWHM [km s−1]
C IV 9.4±0.8 966±352 6860±1250
He II 5.2±0.6 310±180 3510±620

without masking, the result of which serves as a pseudo-continuum for subsequent
fits. Pixels whose flux falls > 2σ below the pseudo-continuum are then replaced by
the corresponding flux element in the pseudo-continuum itself. The fitting procedure
is then repeated. We find that three iterations are sufficient to robustly mask the
narrow absorption. The line reconstructions are presented in Fig. 5.4.

The EW measurements are made via numerical integration. Due to the well-known
asymmetry of the C IV emission line (Richards et al., 2011), we again define line
blueshifts with Eqn. 3.1 - i.e. the difference in velocity between the line centroid (V50)
and the rest-frame wavelength. For both emission lines, uncertainties are derived by
sampling 500 spectra perturbed by Gaussian noise consistent with the noise array. We
then use the distribution means and standard deviations to determine our final results
- presented in Table. 5.3. The detection of broad (FWHM ≥ 1000 km s−1) C IV and
He II emission confirms the presence of quasar emission at blue wavelengths in
ULASJ2200+0056.
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5.4.2 Sublimation temperature dust properties

With WISE photometry available for all sources in the HRQ sample, it is possible to
constrain their sublimation temperature dust properties. The dust sublimation
temperature assumed by QSOGEN (Teff = 1280 K), is consistent with the sublimation
temperature of silicate dust (Rosa et al., 2013; Temple et al., 2021a) and determines the
maximum permitted dust temperature before the dust grains are destroyed by the
quasar radiation field. Hence, the relative amplitude of the sublimation temperature
dust emission with respect to the tail of the accretion disk blackbody (i.e.
LDust/LDisk|2µm) is a good measure of the amount of dust present on 10s-of-pc scales
(Temple et al., 2021a).

In Chapter 4 we conclude that ULASJ2315+0143 has atypical sublimation- temperature
dust properties, featuring much weaker 2µm dust emission than blue quasars of
equivalent black-hole mass, luminosity and redshift. We calculate the mean
sublimation temperature dust amplitude of the 60 HRQs for which an SED fit was
conducted, yielding ⟨LDust/LDisk|2µm⟩ = 1.7 ± 0.8 - consistent with ULASJ2315+0143 .
To understand whether this result is biased by the infrared selection of the HRQ
sample, we use QSOGEN to generate a family of models with various sublimation
temperature dust amplitudes and trace how the (J − K)AB and (W1 − W2) colour
evolves with redshift. The results are presented in Fig. 5.5 and Fig. 5.6.

Figure 5.5 illustrates how the (J − K)AB colour is insensitive to the sublimation
temperature dust at redshifts zsys ≥ 1.5. Hence, when comparing sublimation
temperature dust amplitudes across populations, we decide to consider only HRQs
whose redshifts satisfy the condition: zsys ≥ 1.5. This is because the hot dust
amplitude in the lower redshift subsample is largely shaped by near-infrared selection
effects - i.e. only the highest sublimation temperature dust amplitudes produce the
required (J − K)AB colour at low redshifts. The fact that we only observe objects
whose sublimation temperature dust amplitudes are much larger than the sample
mean at zsys ∼ 1 is also consistent with Fig. 5.5. Conversely, Fig. 5.6 illustrates the
strong dependence of the (W1 − W2) colour on the sublimation temperature dust
amplitudes, biasing the sample to higher dust amplitudes at redshift, zsys ≥ 2.0. We
note that increasing the E(B-V)QSO enables HRQs with lower sublimation temperature
dust amplitudes to meet the (W1 − W2) colour selection.
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FIGURE 5.5: We present the (J − K)AB colours of various QSOGEN SED models as a function of the systemic redshift. Our (J − K)AB = 1.6
mag colour selection is illustrated by the black dashed line. We opt for an extinction E(B-V)QSO = 1 mag and a 3000Å continuum luminosity
log10{λLλ(3000Å)} = 47 erg s−1 - consistent with the mean extinction observed in the 60 HRQs for which an SED model was conducted. At
zsys ≥ 1.5, the (J − K)AB colour is insensitive to the sublimation temperature dust amplitude. Below this redshift, the distribution is shaped by
selection effects.
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FIGURE 5.6: We present the (W1 − W2) colours of various QSOGEN SED models as a function of the systemic redshift. Our (W1 − W2) = 0.85
mag colour selection is illustrated by the black dashed line. We opt for an extinction E(B-V)QSO = 1 mag and a 3000Å continuum luminosity
log10{λLλ(3000Å)} = 47 erg s−1 - consistent with the mean extinction and luminosity observed in the 60 HRQs for which an SED model was
conducted. The (W1 − W2) colour selection appears to bias our sample towards HRQs with higher sublimation temperature dust amplitudes.
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FIGURE 5.7: Histograms illustrating the ratio in luminosity between the sublimation
temperature dust blackbody and the tail of the UV continuum slope at 2µm. The zsys ≥
1.5 HRQ sample is presented in orange and the blue SDSS quasars studied in Temple
et al. (2021a) are presented in blue. The HRQ histogram is systematically biased toward
lower sublimation temperature dust amplitudes, implying that there is less dust in the
inner regions of HRQs with respect to blue quasars at equivalent black-hole mass,
luminosity and redshift.

The histograms in Fig. 5.7 illustrate the distribution of sublimation temperature dust
amplitudes for the zsys ≥ 1.5 HRQ sample in addition to the blue SDSS quasars
studied by Temple et al. (2021a). While this does not account for the mid-infrared
selection effects, it does ensure that our near-infrared selection has a minimum impact
on the results. A ”two-sided” Kolmogorov-Smirnov (KS) test yields a p-value =
2 × 10−5, suggesting that the two distributions are statistically distinct. While HRQs
do host a range of sublimation temperature dust amplitudes, they appear to be
systematically biased towards lower amplitudes than those generally observed in the
blue SDSS quasar sample. Since the (W1 − W2) colour selection biases the HRQ
sample to LDust/LDisk|2µm > 2.5 at zsys > 2 when we assume the average dust
extinction of an HRQ (E(B − V) = 1 mag), we would expect that there exists many
more HRQs with low sublimation-temperature dust amplitudes that have escaped our
selection, serving only to amplify the difference between the distributions. This result
implies that HRQs host significantly less torus-scale dust than their blue counterparts.
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5.5 Discussion

In this section, we discuss our results in the context of other AGN populations. First
we compare the origin of the blue photometric colours observed in HRQs to that of
”little red dots” (LRDs). Then we discuss the sublimation temperature dust properties
of the HRQ population and draw comparisons to other red AGN populations as well
as dust-poor blue quasars and the Temple et al. (2021b) blue SDSS quasar sample. We
end with a discussion on the potential links between the rest-UV and infrared
properties of HRQs and suggest amendments to the selection so that a more complete
sample of extincted quasars can be identified at comic noon.

5.5.1 The source of the UV excess in red AGN

A defining characteristic of JWST’s LRDs is their red rest-optical continua in addition
to their blue rest-UV photometric colours - e.g. Onoue et al. (2023); Kocevski et al.
(2023); Greene et al. (2024); Kocevski et al. (2024). In Section 5.4.1 we conclude that
excess emission at rest-UV wavelengths is common in the HRQ sample. Given the
qualitative similarities between the UV/optical SEDs observed in HRQs and LRDs,
HRQs could trace hyper-luminous analogues of the LRD population at cosmic noon
(Stepney et al., 2024). We now further explore the source of the UV excess in HRQs
and test whether HRQs and LRDs are tracing similar physics in their respective red
AGN phases.

5.5.1.1 Photometric selection: LRDs vs HRQs

Using the LRD selection criteria described in Kocevski et al. (2024), we first determine
which of our HRQs could be formally classified as an LRD. The selection criteria is
defined in the rest-frame and describes the continuum blue-ward and red-ward of the
3645Å break, hence, we only conduct this analysis on the 50 HRQs for which we have
rest-UV coverage. To determine the UV and optical continuum slopes, βuv and βopt,
the continuum is split at 3645Å. Both sides are then fit via a least-squares
minimisation of Eqn. 5.1;

mi = −2.5 β log10(λi) + c (5.1)

where mi is the AB magnitude of the ith filter, β is the continuum slope, λi is the
effective wavelength of the ith filter in µm and c is a normalisation constant. An object
is formally considered an LRD if it’s continua meet the following criteria (Kocevski
et al., 2024);
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FIGURE 5.8: The optical continuum slope, βopt, vs the UV continuum slope, βuv, is
presented for the 50 HRQs analysed in this work. The red shaded region represents the
LRD parameter space and the dashed lines along the boundary mark the LRD selection
criteria, βopt > 0 and −2.8 < βuv < −0.37. While 47/50 HRQs host sufficiently red
rest-optical continua, only 4/50 host sufficiently blue rest-UV continua and would
therefore be considered LRDs by this formalism.

1. βopt > 0

2. −2.8 < βuv < −0.37

By applying these criteria to the HRQ sample we find just 4/50 objects formally satisfy
the constraints. In Fig. 5.8, we present the UV and optical continuum slopes of the
HRQ sample, with the LRD selection criteria highlighted. From Fig. 5.8 it is clear that
despite most sources (47/50) hosting sufficiently red optical continua, HRQs are
insufficiently blue at rest-UV wavelengths to be considered an LRD in this formalism.
To understand this result, we construct a noise-weighted pan-chromatic composite
SED of the full HRQ sample and compare it to a composite SED of the LRD
population - produced using COSMOS photometry (Akins et al., 2024).
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FIGURE 5.9: We present a composite SED model for LRDs (Akins et al., 2024), in blue. The best-fit SED model for the ”LRD-Like” HRQ - VIKJ2230-
2956 - is presented in beige. The noise-weighted composite SED model for HRQs is presented in coral. The best-fit SED model for an HRQ with
no statistically significant UV excess - ULASJ0144+0036 - is presented in maroon. The SEDs were normalised in the K-band at the average HRQ
redshift, zsys = 2.12. The Balmer Break is denoted by the dashed black line. At rest-optical wavelengths, LRDs and HRQs have similar SED shapes,
however, the SEDs diverge blueward of Hβ, with LRDs exhibiting bluer continua than HRQs.
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Both populations appear to host generally consistent continua at the rest-optical
wavelengths, however, there is an unambiguous difference in the continua at rest-UV
wavelengths. LRDs appear to host much bluer continua than the average HRQ, as
expected from Fig. 5.8. Given that (i − K)AB,Akins ≃ 2.8, the LRD composite SED
represents the ceiling of the HRQ selection criteria discussed in Section 5.2, hence
LRD-like HRQs with comparatively more luminous UV continua are most likely
removed from our sample by our (i − K)AB colour selection. Nevertheless, the
parameter space inhabited by HRQs in Fig. 5.8 is sparsely populated by LRDs in the
UNCOVER field (Figure 3; Kocevski et al., 2024), meaning there is a possibility that the
source of the UV excess is fundamentally different in the two populations.

5.5.1.2 Exploring a different dust extinction law

The origin of the UV excess in LRDs is still hotly debated. While multi-component
SED models comprised of host galaxy emission and an obscured AGN have been
proposed (e.g. Greene et al., 2024), there is an emerging consensus that the ”V-shaped”
UV/optical continuum is an intrinsic feature of the SED in LRDs. One such
explanation invokes atypical dust properties, where an obscuring medium with a
deficit of smaller-scale dust grains is unable to efficiently scatter emission at bluer
wavelengths. A scattering medium with such properties can be found in the Orion
nebula (Baldwin et al., 1991), and it is reported that the Orion dust extinction law can
well-reproduce the stacked photometric data of LRDs from the COSMOS field (Akins
et al., 2024) and JADES survey (Pérez-González et al., 2024) without the need for an
additional scattered/stellar emission component (Li et al., 2025).

Since QSOGEN has the flexibility to run a custom dust extinction law (Temple et al.,
2021b), we refit the HRQ sample with a single-component SED model and adopt the
Orion dust extinction law used by Li et al. (2025). In Fig. 5.10 we present the best-fit
SED models for VIKJ2115-5913 (an HRQ that satisfies the LRD selection criteria with
βuv = −0.7 and βopt = 1.2) and ULASJ0144-0114 (a more typical HRQ with βuv = 1.8
and βopt = 0.3). The Orion dust extinction law is much flatter than the Small
Magellanic Cloud (SMC) dust extinction law (Figure 1; Li et al., 2025), on which the
default QSOGEN description of the dust is based. Hence, the Orion dust extinction law
can broadly reproduce the shape of the continuum at rest-UV wavelengths without
the need for a secondary scattered component. However, because the Orion dust law
is so flat, it is unable to reproduce the rest-optical photometry.
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FIGURE 5.10: SED fits for the HRQs; VIKJ2115-5913 (top) and ULASJ0144-0114 (bot-
tom). The photometric data and associated uncertainties are presented in black. The
best-fit SED models using the Orion dust law are presented by the blue lines and tri-
angles. The best-fit SED models using the SMC-like dust law used in QSOGEN are pre-
sented by the orange lines and triangles. In both cases, a multi-component model with
an SMC-like dust extinction law is favoured (see the χ2

ν statistics), despite VIKJ2243-
3504 satisfying the LRD selection criteria. The Orion dust extinction law is flatter than
the dust law used in QSOGEN. While this can produce favourable fits at rest-UV wave-
lengths, it is too flat to reproduce the rest-optical emission.

In Fig. 5.10, we see that the Orion dust extinction law produces better fits to HRQs
that satisfy the LRD selection criteria than those that do not. Nevertheless, their
respective multi-component SED models produce more successful fits to the
photometry based on their χ2

ν statistics. We find that not a single HRQ favours the
Orion dust extinction law over the initial multi-component model discussed in Section
5.3. While it is possible that the scattering media of HRQs each host their own unique
distribution of grain sizes and - by extension - their own atypical dust extinction laws,
this interpretation of the UV excess is contrived, requiring a physically motivated
description of multiple different dust geometries and properties. Consequently, we
conclude that Orion-like dust properties are unlikely to be the primary cause of the
UV excess in HRQs.
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5.5.1.3 Balmer Absorption

The population densities of LRDs peak at much higher redshifts than HRQs (Kocevski
et al., 2024), implying that the LRD population are a younger class of AGN.
Consequently, the fundamental differences in the SEDs of HRQs and LRDs could be
interpreted as evidence that the two populations trace distinct red AGN phases - the
older, more massive HRQs may be tracing a post-merger evolutionary phase whereas
the younger, less massive LRDs likely trace a period of much earlier galaxy growth.
This interpretation is supported by newly emerging evidence suggesting that the
dense neutral gas, in which the accretion disk of LRDs is embedded, hosts very low
metallicities (e.g. de Graaff et al., 2025; Naidu et al., 2025). Therefore, an alternative
description of the UV excess observed in LRDs invokes strong Balmer Absorption -
whereby the AGN accretion disk is embedded in dense neutral gas clumps, effectively
absorbing the continuum emission blue-ward of the Balmer Break (e.g. Inayoshi &
Maiolino, 2025; de Graaff et al., 2025; Naidu et al., 2025).

Balmer Absorption as a means to describe the UV excess in LRDs is particularly
attractive since it can explain the sharp inflection points commonly observed in their
SEDs λrest = 3645Å (e.g. Kocevski et al., 2023; Kocevski et al., 2024; Greene et al., 2024;
Li et al., 2025). Furthermore, a non-stellar origin of the LRD continuum would explain
their larger-than-expected stellar masses (Inayoshi & Maiolino, 2025). de Graaff et al.
(2025) find evidence of extremely strong Balmer Absorption as well as broad Hα and
He I emission in a bright LRD at zsys = 3.5 in the absence of any significant metal lines.
Hence, the continuum is unlikely to originate from stellar populations. Instead, the
system has been dubbed a ”Black Hole Star”, characterised by a central ionising source
embedded in dense, metal-poor absorbing gas with no need for a multi-component
SED model such as the one described in Section 5.3 to explain the blue photometric
colours in the rest-UV. Further evidence of the ”Black Hole Star” model has been
reported by Naidu et al. (2025), who also observe an exceptional Balmer Break in the
LRD - MoM-BH∗ - which also cannot be explained by stellar populations.

In Fig. 5.8, we see that the HRQ photometry blue-ward of the Balmer Break traces
redder continua than what is observed in LRDs. This implies that either the UV
continua observed in the HRQ sample is redder than that of LRDs or that the
inflection point of the rest-UV/optical SED in HRQs is not at λrest = 3645Å. To
calculate the inflection points of the HRQ sample, we determine the rest-frame
wavelength at which their ”best-fit” SEDs reach a minimum - in the wavelength range
1000-10000Å. In Fig. 5.11, we see that the rest-UV/optical inflection points of the 41
HRQ SEDs in which a statistically significant UV excess was observed are much bluer
than the Balmer Break. In addition, unlike LRDs, the rest-UV/optical inflection points
of the HRQ sample are not consistent with a single wavelength. We find that the
average UV/optical inflection point ⟨λrest⟩ = 2156 ± 493Å in HRQs. Given that the
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FIGURE 5.11: The UV/optical inflection point wavelength as a function of E(B-V)QSO

for the HRQ sample. The violin plot represents the rest-UV/optical inflection point
wavelengths for the HRQ sample. The 1st, 2nd and 3rd quartiles are represented by
the box plot. The HRQ inflection points are inconsistent with the Balmer Break,
λrest = 3645Å, and the dispersion in the distribution is large. Hence, a two-component
model for HRQ SEDs is preferred over the Balmer Absorption models proposed for
LRDs. The positive correlation illustrates the flexibility of multi-component SED mod-
els, showing that the SED inflection point can migrate red-wards should the quasar
continuum suffer a higher degree of dust extinction.

Balmer Break is ∼ 3.0σ red-ward of the distribution mean, it is extremely unlikely that
Balmer Absorption is the primary source of the UV excess in HRQs.

The large dispersion in the distribution of UV/optical inflection points in the HRQ
sample favours a multi-component model - like that proposed in Section 5.3 - as the
best description of their SEDs. Multi-component SED models have the flexibility to
reproduce a variety of UV/optical inflection points because, in this framework, the
inflection point of a given SED depends on the relative contributions of the scattered
and dust attenuated components. In Fig. 5.11, we observe a correlation between the
inflection point wavelength and best-fit E(B-V)QSO amongst HRQs - with a Pearson
Correlation Co-efficient RPCC = 0.76 and a p-value = 4 × 10−8. Conversely, in
single-component models where some intrinsic quality like Balmer Absorption is the
primary cause of the UV excess, the inflection point is determined by the Balmer Limit,
inconsistent with the dust-extinction dependent inflection points observed in HRQs.
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The similarities between the SEDs of HRQs and LRDs are striking, however, there are
still clear differences between their physical properties and SED shapes. For example,
low metallicities are not observed in HRQs, where strong Fe II emission has been
observed at rest-optical wavelengths (e.g. Temple et al., 2019; Stepney et al., 2024).
These higher metallicities reflect the age of HRQs and highlight a key physical
difference between the HRQ and LRD populations. Furthermore, the two populations
probe completely different regions of the quasar luminosity function and the
MBH-λEdd plane as LRDs are significantly less luminous than HRQs, hosting
black-hole masses ∼ 106−8M⊙yr−1 and λEdd ∼ 1 (Kocevski et al., 2024). Nevertheless,
many of the qualitative differences in their SED shapes can be attributed to selection
effects. The average HRQ appears to host a weaker UV excess than the average LRD,
however, the difference is most likely due to the (i − K)AB colour selection applied to
the HRQ sample. While the region occupied by HRQs in Fig. 5.8 is sparsely populated
by LRD candidates (Kocevski et al., 2024), relaxing the HRQ selection criteria could
allow for the discovery of many more LRD analogues - or ”Big Red Dots” - at cosmic
noon.

5.5.2 Dust poor AGN at cosmic noon and beyond

In Section 5.4.2 we find that HRQs generally exhibit lower sublimation-temperature
dust amplitudes than blue SDSS quasars (Temple et al., 2021a), suggesting that the
HRQ population is dust-poor on torus scales. Given the significant level of extinction
suffered by HRQs when compared to blue SDSS quasars, the obscuring medium of
HRQs must be extended to kpc-scales - supported by the extreme far-infrared
luminosities observed in HRQs (e.g. Banerji et al., 2014, 2018). Since the mid-infrared
colour selection, (W1 − W2) > 0.85, biases the HRQ sample to higher
sublimation-temperature dust amplitudes at zsys > 2, we expect that there may exist
many dust-poor red AGN with an extended scattering medium at cosmic noon which
have escaped our initial selection.

The low sublimation-temperature dust amplitudes observed in HRQs could be
interpreted as evidence for the ”blow-out” phase framework - where strong radiative
feedback processes have blown the traditional torus out to interstellar medium scales.
Should a ”blow-out” phase be driving the low sublimation-temperature dust
amplitudes in HRQs, we might expect to observe similarly weak
sublimation-temperature dust emission in other obscured AGN populations. For
example, LRDs also appear to host flat mid-infrared SEDs (Wright et al., 2024; Akins
et al., 2024), implying that they also host low sublimation-temperature dust
amplitudes (E.g. Fig ??). However, LRDs are weak far-infrared emitters and host very
low metallicities (Akins et al., 2024; de Graaff et al., 2025), meaning that their obscuring
medium may be devoid of dust entirely - instead primarily composed of the
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metal-poor gas that shrouds their central engines (Naidu et al., 2025). In addition,
while Hot DOGs host extremely red continua, with dust extinctions
E(B − V) = 2 − 20 mag (Assef et al., 2015), their selection is biased towards
mid-infrared bright and therefore dust-rich sources by design (e.g. (W2 − W3) > 5.3
mag and W3 < 10.6 mag; Assef et al., 2015). Hence, sublimation-temperature
dust-poor objects are unlikely to be selected as hot DOGs.

The fact that heavily extincted quasar populations - such as HRQs - can be
sublimation-temperature dust poor is counter-intuitive. Indeed, until now, most
studies conducted on sublimation-temperature dust-poor quasars were limited to
luminous blue samples from cosmic noon to the very early Universe - e.g. zsys > 6.
For example, Jiang et al. (2010); Jun & Im (2013) assumed that
sublimation-temperature dust-poor quasars probe a critical period in early galaxy
assembly and invoked the following selection;

F2,3 = log10{λFλ|2.3 µm/λFλ|0.51 µm} < −0.5 (5.2)

By de-reddening the SEDs of the 47 HRQs whose redshifts zsys ≥ 1.5 and χ2
ν < 5.0, it

becomes possible to test how many HRQs would be considered
sublimation-temperature dust poor by the Jun & Im (2013) formalism, and for which
values of LDust/LDisk|2¯m the Jun & Im (2013) condition is satisfied. In Fig. 5.12, we
show that 7/47 or equivalently 15 per cent of the HRQ sample meet the selection
described by Eqn. 5.2. The mean of the distribution in F2,3 is ⟨F2,3⟩|HRQ = −0.28 ± 0.19
for the HRQ population, placing the Jun & Im (2013) condition for dust poorness just
1σ from the sample mean.

As we would expect, the sublimation-temperature dust amplitude increases with F2,3 -
or the ratio between the the 2.3µm and 510 nm continuum flux. From Fig. 5.12, we also
see that HRQs with sublimation-temperature dust amplitudes, LDust/LDisk|2µm ≲ 1.0,
satisfy the Jun & Im (2013) condition. Given that the HRQ (W1 − W2) colour selection
biases our sample to higher sublimation-temperature dust amplitudes (e.g.
LDust/LDisk|2µm > 2.5 at zsys > 2), it is likely that there exists many more heavily
reddened dust-poor quasars at cosmic noon that have escaped our current selection.
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FIGURE 5.12: We present the de-reddened 2.3µm to 0.51µm flux ratio, F2,3, for the 47
HRQs whose redshifts zsys ≥ 1.5 and χ2

ν < 5.0 (top). The Jun & Im (2013) condition
for dust-poor quasars is marked by the dashed black line. The mean of the HRQ
sample (⟨F2,3⟩|HRQ = −0.27) is marked by the solid black line. The mean sublimation-
temperature dust amplitude, LDust/LDisk|2µm, per bin is plotted in the bottom panel
and is shown to increase with F2,3.
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5.5.3 Linking the UV and infrared SED properties of HRQs

Should the primary source of the UV excess in HRQs be scattered emission from the
obscured quasar, we may expect to find links between the UV continuum luminosity
and the quasar dust properties as probed by the near-infrared emission. Fig. 5.13
illustrates that the scattering fraction, FUV , is weakly anti-correlated with the
extinction suffered by the quasar continuum, E(B − V) - with a Pearson Correlation
Co-efficient RPCC = −0.35 and a p-value = 0.02. Hence, the UV continuum
luminosities of HRQs are generally fainter in the more heavily extincted sources.
Given that the scattering fraction FUV and the dust extinction, E(B − V), are
independent parameters in the multi-component SED model explored in Section 5.3.2,
the anti-correlation between the UV continuum luminosity and the dust extinction
amongst HRQs can be interpreted as evidence for the scattered light hypothesis.
Should the UV excess be independent of the level of dust extinction, it would imply
that the UV continuum does not originate from the quasar, however, since only
moderately extincted HRQs have high UV continuum luminosities, the UV excess is
most likely scattered from the same obscuring medium that attenuates the rest-optical
emission.

As discussed in Section 5.4.2, we can use the sublimation temperature dust amplitude
of a quasar to measure the amount of dust present on 10s-of-pc scales (Temple et al.,
2021a). In Fig. 5.14, we see evidence of a weak positive correlation between the UV
continuum luminosity of HRQs and their sublimation temperature dust amplitudes -
with a Pearson Correlation Co-efficient RPCC = 0.31 and a p-value = 0.05. This implies
that the UV continuum luminosity is brightest when the obscuring medium is
predominantly distributed on torus scales - consistent with both the Hot DOG
population, which host larger scattering fractions than HRQs and are most likely
enshrouded in a dense cocoon-like obscuring medium (Assef et al., 2020), and blue
SDSS quasars which are known to host larger sublimation temperature dust
amplitudes than HRQs.
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FIGURE 5.13: The rest-frame ultraviolet scattering fraction, FUV , of an HRQ as a func-
tion of their dust extinctions, E(B − V). We see evidence of a negative correlation,
suggesting that the more heavily extincted HRQs have weaker UV continuum lumi-
nosities or larger scattering fractions.

To more robustly test the trend observed in Fig. 5.14, we require a larger sample of
dust-obscured quasars with a broader dynamic range in FUV as well as a more
complete distribution in sublimation temperature dust amplitudes. By extrapolating
the relationship in Fig. 5.3, we estimate that by amending the (i − K)AB colour
selection criteria to (i − K)AB > 0 mag, HRQs with scattering fractions FUV ∼ 2%
would no longer escape the selection and facilitate a less biased analysis. Furthermore,
by relaxing the mid-infrared colour selection to (W1 − W2) > 0.4 mag, we estimate
that the sublimation temperature dust amplitude distribution of the HRQ sample will
be complete at zsys ≥ 2. However, relaxing the mid-infrared colour constraint is likely
to pose challenges given that the typical colour of contaminants such as foreground
stars and local galaxies are (W1 − W2)star ≃ 0 − 0.6 mag and (W1 − W2)gal ≃ 0 − 0.8
mag, respectively (Wright et al., 2010).
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FIGURE 5.14: The rest-frame ultraviolet scattering fraction, FUV , of an HRQ as a func-
tion of their sublimation temperature dust amplitudes, LDust/LDisk|2µm. We see evi-
dence of a positive correlation, suggesting that the HRQs whose obscuring medium is
distributed close to their sublimation temperature radii host stronger UV continuum
luminosities or larger scattering fractions.

5.6 Conclusions

We have presented the spectral energy distribution properties of a sample of 60
heavily reddened quasars at 0.7 ≲ zsys ≲ 2.6. Where possible, we study the full
rest-frame ultraviolet to near-infrared SEDs of the quasars using the
ugriz − YJHK − W1W2 filters, which corresponds to a wavelength coverage of
1000Å-2µm at zsys ∼ 2. We primarily explore a multi-component SED model to fit the
photometric data, featuring a dust-attenuated quasar component and an additional
blue component which represents scattered quasar emission. The objects for which we
do not have optical photometric data are fit with only a dust-attenuated quasar SED,
to ensure their respective fits fully converge. We also detail the reduction and analysis
of the rest-UV SALT spectrum of the HRQ - ULASJ2200+0056. Our main findings are
as follows;

• We confirm that blue photometric colours at rest-UV wavelengths are ubiquitous
in the HRQ sample, with a UV excess consistent with scattered quasar emission
detected in 41/50 of the HRQs on which a multi-component SED model was
conducted. Conversely just 4/50 HRQs do not feature a statistically significant
UV excess and the remaining 5/50 yielded inconclusive results. We calculate an
average scattered component - ⟨FUV⟩HRQs = 0.26%. While comparatively lower
than other red AGN populations (e.g. Greene et al., 2024), this is most likely a
product of selection effects. We find a strong anti-correlation between the
observed scattering fraction and the (i − K)AB colour in HRQs. When
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extrapolated to our selection limit - (i − K)AB > 1.6 - HRQs whose FUV ≳ 1% are
removed from the sample.

• Through the analysis of a rest-UV SALT spectrum of the HRQ - ULASJ2200+0056
- we find evidence of broad emission lines, suggesting that scattered emission
from the obscured quasar is making a significant contribution to the UV
continuum. This result is consistent with our findings in Chapter 4 and
ULASJ2315+0143 , suggesting scattered light may play a significant role in
producing the blue photometric colours of all HRQs. The analysis of further
SALT spectra is deferred to future work.

• We employ the Kocevski et al. (2024) LRD selection criteria to determine which
of our HRQs are LRD-like. While 46/50 HRQs host a sufficiently red optical
continuum, just 4/50 host a sufficiently blue UV continuum blue-ward of the
Balmer Break. This implies that the average UV-to-optical SED shape differs
between the two samples. We largely attribute this difference to the (i − K)AB

colour selection applied to the HRQ sample, however, it may also imply that the
source of the UV excess is different between the HRQ and LRD samples.

• We find that a single-component SED model which utilises the Orion Nebula
dust-extinction law, successfully used by Li et al. (2025) to fit the SEDs of LRDs,
is not favoured over the multi-component SED model used in this work across
the entire HRQ sample. We find that the Orion dust-extinction law is too flat to
reproduce the the rest-optical continuum emission of HRQs, even for those
HRQs which satisfy the Kocevski et al. (2024) LRD selection criteria.

• We find that descriptions of the UV excess that invoke some intrinsic property of
the SED as the primary cause - such as Balmer Absorption blue-ward of the
Balmer Break - are inconsistent with the SEDs of HRQs. We find that the
rest-UV/optical inflection points in the HRQ population are diverse, with a
mean inflection point wavelength, ⟨λrest⟩ = 2156 ± 493Å. We interpret the
diversity in the SED inflection point wavelength as evidence that a
multi-component SED model is the best description of the UV excess in HRQs.
Given that the Balmer Break is ≳ 3.0σ from the sample mean, Balmer Absorption
is unlikely the primary origin of the ”V-shaped” continuum in HRQs.

• We explore the effects of our infrared selection on the sublimation temperature
dust emission and find that the (J − K)AB colour is insensitive to the sublimation
temperature dust amplitude at redshifts zsys ≥ 1.5. Below this redshift, the
distribution of the sublimation temperature dust amplitudes is largely shaped
by NIR selection effects - with only the highest sublimation temperature dust
amplitudes yielding sufficiently red continua for our selection criteria. In
addition, we find a systematic dependence of the (W1 − W2) colour on the
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sublimation temperature dust amplitudes as a function of redshift, biasing the
HRQ sample to higher dust amplitudes.

• When restricting the HRQ sample to systemic redshifts, zsys ≥ 1.5, we find that
the distribution of sublimation-temperature dust amplitudes in the HRQ sample
is biased towards lower amplitudes than that of blue SDSS quasars - with a
Kolmogorov-Smirnov (KS) test yielding a p-value = 2 × 10−5. Given that our
mid-infrared selection criteria biases the HRQ sample to higher dust amplitudes,
we would expect the HRQ population to host even lower sublimation
temperature dust amplitudes than observed in this sample. Hence, HRQs host
intrinsically weaker sublimation temperature dust emission than their blue SDSS
counterparts. We interpret this as evidence of a more extended obscuring
medium amongst HRQs vs blue SDSS quasars, resulting from a merger-induced
”blow-out” phase.

• Finally, we detect weak correlations connecting the rest-UV continuum to the
dust properties of HRQs. More heavily extincted HRQs host lower scattering
fractions. Additionally, HRQs whose sublimation temperature dust amplitudes
are highest host the strongest UV continuum luminosities. Given that the
sublimation temperature dust amplitude is a probe for the amount of torus-scale
dust present in the system, this result implies that HRQs whose obscuring
medium is located closer to the sublimation radius host higher scattering
fractions.
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Chapter 6

Final remarks and future prospects

”Trust me.... I’m a doctor”

Matthew Stepney
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6.1 Introduction

In this thesis, we take a multi-faceted approach to understanding the co-evolution of
supermassive black holes (SMBHs) and their host galaxies via AGN feedback
throughout cosmic time - leveraging multi-wavelength spectroscopic and photometric
datasets to study the evolution of blue and red quasars at cosmic noon and beyond.
We demonstrate that the analysis of large survey datasets as well as detailed
single-object investigations are powerful tools in understanding the evolution of
quasars. Our study finds that only by analysing diverse populations of quasars - at
various redshifts - can we gain a holistic view of galaxy evolution across cosmic time
and that selection effects can significantly shape the distributions of quasar properties.
In this chapter, we discuss our results in the context of the wider research themes and
suggest how the current and upcoming generation of both ground- and space-based
instruments can be utilised to further the research in this field.

6.2 The evolution of blue quasars across cosmic time

Many studies of AGN feedback at zsys = 5 − 7 suggest that broad-line region winds
are far stronger in early quasar populations than at cosmic noon (e.g. Mortlock et al.,
2011; Man et al., 2019; Schindler et al., 2020). Through robust statistical analysis of the
rest-UV line properties of high-redshift SDSS quasars, we investigate the redshift
evolution of broad-line region winds in luminous blue populations. We confirm that
the same trends linking broad-line region outflow velocities to black-hole mass and
accretion rate (e.g. Temple et al., 2023) persist from zsys = 1.5 to zsys = 4. However, it
remains unclear whether they hold in the Super-Eddington regime, particularly given
that the structure of the accretion disk may fundamentally change at high accretion
rates (Giustini & Proga, 2019). We hence conclude that reports of extreme quasar wind
velocities in the high-redshift Universe (e.g. XQR30; Schindler et al., 2020; Farina et al.,
2022) are most likely a result of luminosity bias, since the relatively small samples of
optically-selected zsys ∼ 5 − 7 quasars have a tendency to be super-Eddington.

Extending similar population studies to increasingly higher redshifts and more
diverse black-hole masses and accretion rates is crucial for our understanding of how
AGN and their SMBHs evolve in the early Universe. The Chilean AGN/Galaxy
Extragalactic Survey (ChANGES) will utilise the 4-metre Multi-Object Spectroscopic
Telescope (4MOST; Merloni et al. 2019) to target ∼12000 quasar candidates at zsys > 4.
Given that 4MOST is integrated with Vera Rubin’s Legacy Survey of Space and Time
(LSST), ChANGES will utilise variability and multi-wavelength SED selection to build
more complete samples of high-redshift quasars (Bauer et al., 2023). ChANGES will
therefore sample a broader dynamic range in both black-hole mass and accretion rate
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at zsys ∼ 4 − 5, making comparisons between quasar outflow properties at cosmic
noon and zsys ∼ 5 more robust. Furthermore, the Dark Energy Spectroscopic
Instrument (DESI; Villar Martı́n et al., 2020) has also begun pushing large statistical
samples of luminous blue quasars to the Epoch of Reionisation (e.g. zsys ∼ 5 Yang
et al., 2023), hence our understanding of high-redshift quasar evolution is set to
dramatically transform in the coming years.

6.3 AGN feedback in the red quasar phase

The role of a red quasar phase in advancing the evolution of massive galaxies remains
a topic of hot debate. In this thesis, we investigate the role of dust in driving outflows
which subsequently can trigger the ”blow-out” phase predicted by galaxy evolution
models (e.g. Di Matteo et al., 2005; Hopkins et al., 2008) in obscured quasar
populations. In the heavily reddened quasar (HRQ) - ULASJ2315+0143 - we detect
outflows signatures in the ionised gas on multiple scales and in multiple gas phases.
We find that the kinetic power of the winds in the ionised gas of ULASJ2315+0143 is
comparable to that of luminous blue SDSS quasars (e.g. Shen et al., 2011). Therefore,
strong feedback processes are most likely active in the system - although a systematic
study of the effects of dust extinction on outflow velocity across large statistical
samples is still required to verify these results.

To date, studies investigating the relationship between outflows and dust-extinction
explore only moderately reddened samples with a relatively narrow dynamic range in
E(B − V) (e.g. Calistro Rivera et al., 2021; Fawcett et al., 2022). The Very Large
Telescope’s Multi-Object Optical/Near-infrared Spectrograph (VLT-MOONS) will
dramatically increase the number of spectroscopically confirmed red quasars at
cosmic noon (Maiolino et al., 2020). Hence, VLT-MOONS will facilitate a more robust
analysis of the effects of dust-extinction on outflow velocity through large statistical
samples that push redder than the current generation of optically-selected surveys.
Furthermore, with Hβ-derived estimates of the black-hole mass, it will be possible to
isolate the effects of dust-reddening on outflow velocity from the trends discussed in
Chapter 3 between outflows, black-hole mass and accretion rate. Consequently, a
more robust investigation of the ”blow-out” phase framework will become viable in
the era of VLT-MOONS.

6.4 Excess ultra-violet emission in red AGN populations

We have shown that excess blue photometric colours at rest-UV wavelengths are
ubiquitous amongst HRQs. Given that similar UV continua are observed in both hot
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dust obscured galaxies and JWST’s little red dots, excess UV emission seems to be a
defining characteristic of obscured accretion across all mass scales. Even so, the origin
of the UV continuum is still uncertain. In the HRQ - ULASJ2315+0143 - SED fitting
confirms a degeneracy between the star-forming galaxy and scattered AGN emission
descriptions of the UV excess - both yielding equally good fits to the continuum.
Furthermore, we observe signatures of both host galaxy emission - e.g. narrow Lyα

and [O II] - and AGN emission - e.g. broad N V, Si IV and C IV - in the spectroscopic
data at rest-UV wavelengths. However, since the 4000Å break was unobservable due
to the telluric absorption between the J and H-bands, it was impossible to constrain
the stellar mass of the host and break the degeneracy between the two components.

To discern the true nature of the UV excess in obscured AGN, future campaigns
should focus on a number of key areas. First, the detection of broad emission lines at
rest-UV wavelengths will confirm the presence of quasar emission. Second,
polarisation studies similar to those conducted on hot dust obscured galaxies (e.g.
Assef et al., 2022) will confirm whether the rest-UV emission has been scattered by
some obscuring medium. Finally, by observing the 4000Å break, we can determine
the relative contribution of the star-forming host galaxy to the rest-UV continuum.

6.4.1 Scattered light in red AGN populations

Our analysis of the Southern African Large Telescope (SALT) spectrum of ULASJ2200+
0056 has already confirmed the presence of broad rest-UV emission lines in another
HRQ. With short-exposure rest-UV spectroscopic data available for an additional 11
HRQs via SALT, confirmation of broad emission lines in the rest-UV continuum will
yield further insight into the source of the UV excess in the HRQ population.
Preliminary results suggest that scattered AGN emission is contributing to the rest-UV
in at least 5/13 HRQs - inclusive of ULASJ2315+0143 and ULASJ2200+0056 - with the
remaining 8 HRQs proving inconclusive. Furthermore, by utilising diagnostic line
ratios between the C IVλ1550, He IIλ1640 and [C III]λ1908 emission lines, we can
probe the source of the gas photo-ionisation (e.g. Figure 5; Feltre et al., 2016). The
degree to which strong narrow components from the host galaxy bias the line ratios
away from the AGN characteristic region will help determine whether the UV
continuum originates purely from scattered AGN emission.

6.4.2 Host galaxy signatures in red AGN populations

The European Space Agency’s Euclid mission is a space-based telescope with
high-angular resolution imaging capabilities in the optical to near-infrared as well as a
∼1.2-1.9µm spectroscopic wavelength coverage (Euclid Collaboration et al., 2025b,c,d).
With the large statistical samples available from both Euclid and VLT-MOONS, it will
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be possible to confirm the presence of a UV excess in thousands of new red quasars
(e.g. Euclid Collaboration et al., 2025a). Furthermore, the 4000Å break will also be
observable in cosmic noon sources, meaning that it will be possible to infer the relative
contribution of the star-forming host to any UV continua detected. The high sensitivity
of JWST also provides an opportunity to extend the study of the red AGN phase to
lower-mass systems. With the power of space-based NIRCam imaging, separation of
the AGN emission from the stellar continuum is viable for JWST-detected sources at
zsys ≳ 5 (Ding et al., 2023). Given that LRDs may host over-massive black holes (e.g.
Rusakov et al., 2025), studying the host galaxy AGN emission simultaneously could
lend new insight into the role of obscured accretion in the formation of galaxies.

6.5 Sublimation temperature dust in red quasars

Dust reprocessing of the UV/optical emission is what dominates the near-infrared
emission of a quasar - with the hottest components defined by the sublimation
temperature of the dust grains, i.e. ∼ 1200 K. There have been many studies aimed at
linking the full ultra-violet to near-infrared SED properties of quasars, suggesting that
torus-scale dust can provide the opacity to launch outflows and that
sublimation-temperature dust-poor quasars are a relic of rapid accretion events (e.g.
Jiang et al., 2010; Jun & Im, 2013; Temple et al., 2021a). While previous studies have
largely focused on blue populations, we show that dust-reddened quasars may also
host weak near-infrared emission. We find that the sublimation-temperature dust
amplitudes of HRQs are generally weaker than that of blue SDSS quasars of
comparable luminosity and redshift - which we interpret as evidence for the
”blow-out” phase framework. In addition, we find that ∼ 20 per cent of HRQs are
formally considered dust poor when using the Jiang et al. (2010) criteria. However, this
is most likely an underestimate given that the distribution of sublimation-temperature
dust amplitudes in the HRQ population is largely shaped by selection effects as the
dust amplitudes become more modest. Future campaigns should therefore focus on a
more inclusive selection of dust-poor quasars. Hence, we propose that a more relaxed
mid-infrared colour constraint - i.e. (W1 − W2) > 0.4 mag - should be applied to
HRQs, potentially facilitating the detection of many more sublimation-temperature
dust-poor objects.
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6.6 Conclusions

The goal of this thesis is to further our understanding of SMBH and host galaxy
co-evolution - through the lens of AGN feedback. In particular, we focus on the
impact of multi-scale outflows launched in the vicinity of the black-hole as they
propagate through the interstellar medium of the quasar host. This research finds that
the primary drivers of outflows are the mass and accretion rate of the central SMBH,
in both blue and red quasar populations (Chapters 3 & 4). While it is clear that
cosmological redshift is not a fundamental driver of outflows at redshifts
1.5 < zsys < 4.0, it remains unclear to what extent dust extinction plays a role.

Our detailed analysis of the heavily reddened quasar - ULASJ2315+0143 - uncovers
evidence of significant wind velocities on both parsec and kiloparsec scales, however,
these winds are not uncharacteristically strong given the mass and accretion rate of
the quasar. Similarly, the kinetic power of the winds in the ionised gas phase are
equivalent to similarly luminous blue quasars at cosmic noon (Chapter 4). Conversely,
a population study of heavily reddened quasar SEDs reveals that their
sublimation-temperature dust emission is suppressed with respect to their blue SDSS
counterparts - implying that dust-enhanced feedback processes can clear the inner
regions of dust and ultimately change the quasar geometry (Chapter 5).

One explanation for these seemingly conflicting results could be the different
time-scales at play in each region of the quasar. Should the red AGN phase be
short-lived, the broad-line region and torus-scale dust are likely to respond quicker to
enhanced AGN feedback processes than the more extended narrow-line region.
Furthermore, for the impact of strong quasar-driven winds to be felt by the wider host
high coupling efficiencies are required, which are likely to vary from source to source
and between individual accretion events. This means that the limited evidence for the
dust enhancement of quasar-driven winds in ULASJ2315+0143 may not be
representative of the entire HRQ population.

There still remain several open questions regarding the role of AGN feedback in
galaxy evolution. Over the next decade, transformative imaging and spectroscopic
facilities are set to expand our census of AGN and quasars, exploring more diverse
populations. Hence, by building on the work presented in this thesis, we can expect to
further our understanding of how red and blue quasars evolve across cosmic time.
Future work should explore whether the trends identified in this thesis between
SMBH mass, accretion rate, SED properties, and the prevalence of outflows extend
into the super-Eddington regime as well as the Epoch of Reionisation. Additionally,
this thesis highlights the need for large statistical studies of red quasar populations to
more robustly determine the role of dust in facilitating enhanced AGN feedback.
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Appendix A

The heavily reddened quasar
photometric catalogue

”I do not know any reading more easy, more fascinating,
more delightful than a catalogue”

Anatole France
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TABLE A.1: The HRQ photometry for each of the 60 sources selected in Banerji et al. (2012), Banerji et al. (2013), Banerji et al. (2015) and Temple et al.
(2019). Photometric bands whose uncertainties are set by the 10 per cent floor (see Section 5.2) are presented in bold face.

Fλ [10−19 erg s−1 cm−2 Å
−1
]

Object u g r i z Y J H K W1 W2

ULASJ0016-0038 − 28±1 49±2 54±3 84±3 86±2 84±9 97±9 126±8 43±4 41±4
ULASJ0041-0021 − 13±1 6±1 8±3 16±2 26±1 49±10 93±9 109±5 54±5 32±3
ULASJ0123+1525 − 43±5 44±7 44±2a − − − 32±4 83±8 128±13 170±17
ULASJ0141+0101 − 34±2 49±10 51±3 57±7 38±6 68±7a 72±7 25±2 20±2 17±3
ULASJ0114-0014 − 21±2 16±1 16±5 23±1 38±1 81±8 113±7 125±5 74±7 63±6
ULASJ0144-0114 − 21±3 16±1 16±1 23±2 38±4 81±9 114±10 125±9 74±7 63±6
ULASJ0144+0036 − 4±1 4±1 13±2 27±2 36±1 69±12 100±10 113±9 53±5 39±4
ULASJ0221-0019 − 12±1 9±1 19±2 33±3 47±5 85±21 85±16 105±11 49±5 48±5
ULASJ1002+0137 17±2 8±1 9±1 15±1 23±2 36±4 78±9 95±8 − 50±5 43±4
ULASJ1234+0907 − − − − − − − 28±6 136±14 124±12 156±16
ULASJ1415-0836 − − − − − − − 39±4 86±9 151±15 187±19
ULASJ1539+0557 − − − − − − − 87±7 179±18 176±18 159±16
ULASJ2200+0056 − 72±2 71±4 78±1 125±4 170±7 201±13 274±11 304±1 124±12 87±9
ULASJ2224-0015 − 15±1 18±1 32±2 52±6 51±1 77±9 109±9 147±8 58±6 51±5
ULASJ2312+0454 − 35±1 36±1 53±3 50±8 47±5 23±8a 39±6 80±8 155±16 184±18

Continued on next page
a These bands were removed before fitting - see Section 5.3.2.1 for details.
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Table A.1 – continued from previous page

Object u g r i z Y J H K W1 W2

ULASJ2315+0143 − 37±2 26±1 18±1 17±1 13±2 − 38±5 101±10 79±7 87±9
VHSJ1117-1528 − − − − − − − 48±7 79±8 48±5 39±4
VHSJ1122-1919 − − − − − − 52±14 − 174±17 79±8 55±6
VHSJ1301-1624 − − − − − 30±7 48±11 − 119±12 99±10 101±10
VHSJ1350-0503 − 39±10 43±7 48±7 70±11 81±15 99±16 164±16 193±19 88±9 68±7
VHSJ1409-0830 − − − − − − 58±16 56±16 104±10 57±6 62±6
VHSJ1556-0835 − − − 41±2 40±7 65±13 71±13 95±18 68±7 105±15 50±5
VHSJ2024-5623 − − − − − − − 33±10 56±10 27±3 16±2
VHSJ2028-4631 − 76±8 60±36 58±6 74±7 77±8 48±12a 64±15 78±14 27±3 23±2
VHSJ2028-5740 − 11±2 13±1 17±2 26±3 23±6 57±12 144±15 296±30 186±19 191±19
VHSJ2048-4644 − 6±2 5±1 15±2 16±2 24±4 33±7 37±9 70±7 43±4 51±5
VHSJ2100-5820 − 3±1 4±1 6±2 14±2 43±8 93±13 101±13 48±5 42±4 34±3
VHSJ2101-5943 − 15±2 32±3 82±8 151±15 169±17 184±18 259±26 489±50 155±16 123±12
VHSJ2109-0026 − 16±2 20±4 23±5 30±13 34±6 57±10 67±10 78±7 38±4 27±2
VHSJ2115-5913 − 45±5 34±3 32±3 40±4 39±6 109±15 164±16 212±21 132±13 105±11
VHSJ2130-4930 − 22±2 11±1 16±1 21±2 20±4 33±11 59±15 101±10 55±5 55±5
VHSJ2141-4816 − 22±2 18±2 18±2 23±2 23±4 53±12 71±11 92±9 70±7 51±5
VHSJ2143-0643 − − − − − 42±13 44±13 67±12 91±10 41±4 36±4

Continued on next page
a These bands were removed before fitting - see Section 5.3.2.1 for details.
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Table A.1 – continued from previous page

Object u g r i z Y J H K W1 W2

VHSJ2144-0523 − − − − − − 55±17 69±12 77±8 42±4 44±4
VHSJ2212-4624 − − − − − − 30±6 − 79±9 38±4 52±5
VHSJ2220-5618 − 25±3 24±2 41±4 79±8 102±10 237±24 391±150 476±50 247±25 246±25
VHSJ2227-5203 − 13±1 15±1 20±2 37±4 34±5 31±7 48±9 53±12 70±7 71±7
VHSJ2256-4800 − 36±4 31±3 23±2 47±5 78±8 110±11 146±15 167±17 100±10 106±11
VHSJ2257-4700 − − 8±1 18±2 31±3 36±4 44±7 62±8 91±9 37±4 38±4
VHSJ2306-5447 − 12±1 6±1 14±1 27±3 36±4 39±8 79±8 121±12 49±5 34±3
VHSJ2332-5240 − 21±2 16±2 14±1 18±2 28±5 41±11 65±9 46±6 28±3 21±2
VHSJ2355-0011 − 46±1 23±1 20±4 26±1 39±1 58±15 107±14 129±9 70±7 72±7
VIKJ2205-3132 − 6±1 8±1a 5±1 16±2 22±3 32±3 47±4 54±5 17±2 12±2
VIKJ2214-3100 − − 8±1 − 19±2 22±4 20±3 39±4 81±8 130±13 147±15
VIKJ2228-3205 − − 4±1 − 7±2 11±3 12±2 15±2 19±2 8±1 7±1
VIKJ2230-2956 39±7 16±2 13±2 − 13±2 14±2 − 37±4 48±5 68±7 96±10
VIKJ2232-2844 − − − − 9±2 20±4 29±3 43±4 74±7 32±3 32±3
VIKJ2238-2836 − − − − 35±4 40±4 45±5 63±6 68±7 97±10 137±14
VIKJ2241-3006 30±7 17±2 30±3 44±2 46±4 36±4 43±4 53±5 80±8 141±14 166±17
VIKJ2243-3504 − 63±9 42±7 25±6 31±2 37±3 37±3 72±7 119±12 85±9 100±10
VIKJ2245-3516 − − − − 12±2 16±3 23±3 34±3 59±6 112±11 163±16

Continued on next page
a These bands were removed before fitting - see Section 5.3.2.1 for details.
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Table A.1 – continued from previous page

Object u g r i z Y J H K W1 W2

VIKJ2251-3433 − 15±2 8±1 − 13±2 16±3 9±3a 33±3 27±3 41±4 40±4
VIKJ2256-3114 33±8 33±3 22±2 20±4 18±2 19±3 30±3 44±4 55±6 31±3 26±3
VIKJ2258-3219 − 23±2 26±3 50±2 52±3 56±4 78±8 96±10 115±12 163±16 172±17
VIKJ2306-3050 − − 4±1 − 10±2 19±3 15±3 23±2 26±3 31±3 36±4
VIKJ2309-3433 19±4 19±2 12±1 7±2 17±2 16±3 18±3 19±2 22±2 11±1 11±2
VIKJ2313-2904 40±7 23±3 17±2 − 25±2 30±4 24±3 29±3 40±4 40±4 38±4
VIKJ2314-3459 − 25±3 19±2 − 17±3 25±4 33±3 45±5 50±5 22±2 20±2
VIKJ2323-3222 18±6 5±1 7±1 6±2 18±2 17±3 27±3 48±5 81±8 44±5 35±4
VIKJ2350-3019 − − 7±1 − 14±2 15±3 26±3 34±3 41±4 20±2 15±2
VIKJ2357-3024 − 6±2 9±2 − 18±2 27±3 22±3 36±4 41±4 58±6 80±8

a These bands were removed before fitting - see Section 5.3.2.1 for details.
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Appendix B

The heavily reddened quasar
”best-fit” SEDs

”Storytelling is about two things; it’s about character and plot[s]”

George Lucas
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ULASJ0016-0038, zsys = 2.194

log10{ L (3000Å) [erg s 1]} = 46.6, E(B V) = 0.51 mag, (LDust/LDisk)|2 m = 2.44

SED Model, FUV = 0%
Photometric Model, 2 = 5.8

SED Model, FUV = 0.27%
Photometric Model, 2 = 2.7

FIGURE B.1: The ”best-fit” SED for the HRQ ULASJ0016-0038. The photometric data
and associated uncertainties are presented in black. The best-fit multi-component SED
model and photometry are presented by the blue line and triangles. The dust atten-
uated quasar component and photometry are presented by the orange line and trian-
gles.
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ULASJ0041-0021, zsys = 2.517

log10{ L (3000Å) [erg s 1]} = 47.3, E(B V) = 0.87 mag, (LDust/LDisk)|2 m = 0.3

SED Model, FUV = 0%
Photometric Model, 2 = 16.2

SED Model, FUV = 0.05%
Photometric Model, 2 = 3.3

FIGURE B.2: Same as Fig. B.1 but for the HRQ - ULASJ0041-0021.
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ULASJ0123+1525, zsys = 2.629

log10{ L (3000Å) [erg s 1]} = 48.1, E(B V) = 1.72 mag, (LDust/LDisk)|2 m = 2.08

SED Model, FUV = 0%
Photometric Model, 2 = 61.8

SED Model, FUV = 0.05%
Photometric Model, 2 = 5.9

FIGURE B.3: Same as Fig. B.1 but for the HRQ - ULASJ0123+1525.
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ULASJ0141+0101, zsys = 2.562

log10{ L (3000Å) [erg s 1]} = 46.6, E(B V) = 0.48 mag, (LDust/LDisk)|2 m = 1.8

SED Model, FUV = 0%
Photometric Model, 2 = 13.9

SED Model, FUV = 0.86%
Photometric Model, 2 = 4.4

FIGURE B.4: Same as Fig. B.1 but for the HRQ - ULASJ0141+0101.
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ULASJ0144-0114, zsys = 2.505

log10{ L (3000Å) [erg s 1]} = 47.3, E(B V) = 0.84 mag, (LDust/LDisk)|2 m = 1.99

SED Model, FUV = 0%
Photometric Model, 2 = 16.9

SED Model, FUV = 0.11%
Photometric Model, 2 = 1.3

FIGURE B.5: Same as Fig. B.1 but for the HRQ - ULASJ0144-0114.
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ULASJ0144+0036, zsys = 2.283

log10{ L (3000Å) [erg s 1]} = 47.1, E(B V) = 0.84 mag, (LDust/LDisk)|2 m = 0.6

SED Model, FUV = 0%
Photometric Model, 2 = 6.7

SED Model, FUV = 0.02%
Photometric Model, 2 = 1.7

FIGURE B.6: Same as Fig. B.1 but for the HRQ - ULASJ0144+0036.
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ULASJ0221-0019, zsys = 2.247

log10{ L (3000Å) [erg s 1]} = 46.9, E(B V) = 0.74 mag, (LDust/LDisk)|2 m = 2.47

SED Model, FUV = 0%
Photometric Model, 2 = 9.9

SED Model, FUV = 0.1%
Photometric Model, 2 = 1.0

FIGURE B.7: Same as Fig. B.1 but for the HRQ - ULASJ0221-0019.
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ULASJ1002+0137, zsys = 1.595

log10{ L (3000Å) [erg s 1]} = 46.6, E(B V) = 1.14 mag, (LDust/LDisk)|2 m = 0.51

SED Model, FUV = 0%
Photometric Model, 2 = 11.2

SED Model, FUV = 0.06%
Photometric Model, 2 = 1.8

FIGURE B.8: Same as Fig. B.1 but for the HRQ - ULASJ1002+0137.
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ULASJ1234+0907, zsys = 2.503

log10{ L (3000Å) [erg s 1]} = 48.1, E(B V) = 1.67 mag, (LDust/LDisk)|2 m = 1.05

SED Model Photometric Model, 2 = 7.8

FIGURE B.9: The ”best-fit” SED for the HRQ ULASJ1234+0907. The photometric data
and associated uncertainties are presented in black. The best-fit single-component SED
model and photometry are represented by the orange line and triangles.
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ULASJ1415+0836, zsys = 1.12

log10{ L (3000Å) [erg s 1]} = 46.0, E(B V) = 1.43 mag, (LDust/LDisk)|2 m = 8.95

SED Model Photometric Model, 2 = 24.2

FIGURE B.10: Same as Fig. B.9 but for the HRQ - ULASJ1415+0836.
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ULASJ1539+0557, zsys = 2.658

log10{ L (3000Å) [erg s 1]} = 48.0, E(B V) = 1.26 mag, (LDust/LDisk)|2 m = 1.26

SED Model Photometric Model, 2 = 0.4

FIGURE B.11: Same as Fig. B.9 but for the HRQ - ULASJ1539+0557.
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ULASJ2200+0056, zsys = 2.541

log10{ L (3000Å) [erg s 1]} = 47.4, E(B V) = 0.63 mag, (LDust/LDisk)|2 m = 1.24

SED Model, FUV = 0%
Photometric Model, 2 = 14.2

SED Model, FUV = 0.29%
Photometric Model, 2 = 0.5

FIGURE B.12: Same as Fig. B.1 but for the HRQ - ULASJ2200+0056.
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ULASJ2224-0015, zsys = 2.223

log10{ L (3000Å) [erg s 1]} = 47.0, E(B V) = 0.71 mag, (LDust/LDisk)|2 m = 1.88

SED Model, FUV = 0%
Photometric Model, 2 = 8.9

SED Model, FUV = 0.13%
Photometric Model, 2 = 0.6

FIGURE B.13: Same as Fig. B.1 but for the HRQ - ULASJ2224-0015.
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ULASJ2312+0454, zsys = 0.7

log10{ L (3000Å) [erg s 1]} = 45.2, E(B V) = 1.14 mag, (LDust/LDisk)|2 m = 7.85

SED Model, FUV = 0%
Photometric Model, 2 = 15.0

SED Model, FUV = 1.49%
Photometric Model, 2 = 3.5

FIGURE B.14: Same as Fig. B.1 but for the HRQ - ULASJ2312+0454.
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ULASJ2315+0143, zsys = 2.56

log10{ L (3000Å) [erg s 1]} = 47.7, E(B V) = 1.41 mag, (LDust/LDisk)|2 m = 1.61

SED Model, FUV = 0%
Photometric Model, 2 = 54.9

SED Model, FUV = 0.1%
Photometric Model, 2 = 1.1

FIGURE B.15: Same as Fig. B.1 but for the HRQ - ULASJ2315+0143.
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VHSJ1117-1528, zsys = 2.428

log10{ L (3000Å) [erg s 1]} = 47.2, E(B V) = 0.97 mag, (LDust/LDisk)|2 m = 1.18

SED Model Photometric Model, 2 = 1.2

FIGURE B.16: Same as Fig. B.9 but for the HRQ - VHSJ1117-1528.
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VHSJ1122-1919, zsys = 2.464

log10{ L (3000Å) [erg s 1]} = 47.4, E(B V) = 0.87 mag, (LDust/LDisk)|2 m = 0.68

SED Model Photometric Model, 2 = 4.2

FIGURE B.17: Same as Fig. B.9 but for the HRQ - VHSJ1122-1919.
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VHSJ1301-1624, zsys = 2.138

log10{ L (3000Å) [erg s 1]} = 47.4, E(B V) = 1.14 mag, (LDust/LDisk)|2 m = 1.07

SED Model Photometric Model, 2 = 1.2

FIGURE B.18: Same as Fig. B.9 but for the HRQ - VHSJ1301-1624.
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VHSJ1350-0503, zsys = 2.176

log10{ L (3000Å) [erg s 1]} = 47.2, E(B V) = 0.78 mag, (LDust/LDisk)|2 m = 1.08

SED Model, FUV = 0%
Photometric Model, 2 = 12.2

SED Model, FUV = 0.27%
Photometric Model, 2 = 0.8

FIGURE B.19: Same as Fig. B.1 but for the HRQ - VHSJ1350-0503.
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VHSJ1409-0830, zsys = 2.3

log10{ L (3000Å) [erg s 1]} = 47.1, E(B V) = 0.95 mag, (LDust/LDisk)|2 m = 2.1

SED Model Photometric Model, 2 = 1.6

FIGURE B.20: Same as Fig. B.9 but for the HRQ - VHSJ1409-0830.
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VHSJ1556-0835, zsys = 2.188

log10{ L (3000Å) [erg s 1]} = 47.0, E(B V) = 0.83 mag, (LDust/LDisk)|2 m = 0.63

SED Model, FUV = 0%
Photometric Model, 2 = 13.5

SED Model, FUV = 0.56%
Photometric Model, 2 = 0.9

FIGURE B.21: Same as Fig. B.1 but for the HRQ - VHSJ1556-0835.
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VHSJ2024-5623, zsys = 2.282

log10{ L (3000Å) [erg s 1]} = 46.7, E(B V) = 0.91 mag, (LDust/LDisk)|2 m = 0.76

SED Model Photometric Model, 2 = 0.4

FIGURE B.22: Same as Fig. B.9 but for the HRQ - VHSJ2024-5623.
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VHSJ2028-4631, zsys = 2.464

log10{ L (3000Å) [erg s 1]} = 46.6, E(B V) = 0.49 mag, (LDust/LDisk)|2 m = 2.42

SED Model, FUV = 0%
Photometric Model, 2 = 17.4

SED Model, FUV = 1.51%
Photometric Model, 2 = 0.6

FIGURE B.23: Same as Fig. B.1 but for the HRQ - VHSJ2028-4631.
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VHSJ2028-5740, zsys = 2.121

log10{ L (3000Å) [erg s 1]} = 47.7, E(B V) = 1.2 mag, (LDust/LDisk)|2 m = 1.37

SED Model, FUV = 0%
Photometric Model, 2 = 17.5

SED Model, FUV = 0.03%
Photometric Model, 2 = 3.3

FIGURE B.24: Same as Fig. B.1 but for the HRQ - VHSJ2028-5740.
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VHSJ2048-4644, zsys = 2.182

log10{ L (3000Å) [erg s 1]} = 46.8, E(B V) = 0.86 mag, (LDust/LDisk)|2 m = 2.81

SED Model, FUV = 0%
Photometric Model, 2 = 8.2

SED Model, FUV = 0.09%
Photometric Model, 2 = 1.4

FIGURE B.25: Same as Fig. B.1 but for the HRQ - VHSJ2048-4644.
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VHSJ2100-5820, zsys = 2.36

log10{ L (3000Å) [erg s 1]} = 47.1, E(B V) = 0.91 mag, (LDust/LDisk)|2 m = 1.64

SED Model, FUV = 0%
Photometric Model, 2 = 5.0

SED Model, FUV = 0.03%
Photometric Model, 2 = 1.9

FIGURE B.26: Same as Fig. B.1 but for the HRQ - VHSJ2100-5820.
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VHSJ2101-5943, zsys = 2.313

log10{ L (3000Å) [erg s 1]} = 47.3, E(B V) = 0.63 mag, (LDust/LDisk)|2 m = 2.27

SED Model, FUV = 0%
Photometric Model, 2 = 1.9

SED Model, FUV = 0.01%
Photometric Model, 2 = 2.0

FIGURE B.27: Same as Fig. B.1 but for the HRQ - VHSJ2101-5943.
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VHSJ2109-0026, zsys = 2.344

log10{ L (3000Å) [erg s 1]} = 46.7, E(B V) = 0.64 mag, (LDust/LDisk)|2 m = 1.6

SED Model, FUV = 0%
Photometric Model, 2 = 13.3

SED Model, FUV = 0.29%
Photometric Model, 2 = 3.0

FIGURE B.28: Same as Fig. B.1 but for the HRQ - VHSJ2109-0026.
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VHSJ2115-5913, zsys = 2.115

log10{ L (3000Å) [erg s 1]} = 47.5, E(B V) = 1.07 mag, (LDust/LDisk)|2 m = 1.57

SED Model, FUV = 0%
Photometric Model, 2 = 25.8

SED Model, FUV = 0.13%
Photometric Model, 2 = 1.5

FIGURE B.29: Same as Fig. B.1 but for the HRQ - VHSJ2115-5913.
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VHSJ2130-4930, zsys = 2.448

log10{ L (3000Å) [erg s 1]} = 47.2, E(B V) = 0.92 mag, (LDust/LDisk)|2 m = 1.42

SED Model, FUV = 0%
Photometric Model, 2 = 23.7

SED Model, FUV = 0.13%
Photometric Model, 2 = 2.2

FIGURE B.30: Same as Fig. B.1 but for the HRQ - VHSJ2130-4930.
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VHSJ2141-4816, zsys = 2.655

log10{ L (3000Å) [erg s 1]} = 47.4, E(B V) = 0.87 mag, (LDust/LDisk)|2 m = 1.09

SED Model, FUV = 0%
Photometric Model, 2 = 24.0

SED Model, FUV = 0.14%
Photometric Model, 2 = 0.6

FIGURE B.31: Same as Fig. B.1 but for the HRQ - VHSJ2141-4816.
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VHSJ2143-0643, zsys = 2.383

log10{ L (3000Å) [erg s 1]} = 46.9, E(B V) = 0.8 mag, (LDust/LDisk)|2 m = 1.95

SED Model, FUV = 0%
Photometric Model, 2 = 1.5

SED Model, FUV = 0.75%
Photometric Model, 2 = 0.4

FIGURE B.32: Same as Fig. B.1 but for the HRQ - VHSJ2143-0643.
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VHSJ2144-0523, zsys = 2.152

log10{ L (3000Å) [erg s 1]} = 46.8, E(B V) = 0.82 mag, (LDust/LDisk)|2 m = 2.26

SED Model Photometric Model, 2 = 1.7

FIGURE B.33: Same as Fig. B.9 but for the HRQ - VHSJ2144-0523.
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VHSJ2212-4624, zsys = 2.141

log10{ L (3000Å) [erg s 1]} = 46.9, E(B V) = 0.98 mag, (LDust/LDisk)|2 m = 2.52

SED Model Photometric Model, 2 = 3.4

FIGURE B.34: Same as Fig. B.9 but for the HRQ - VHSJ2212-4624.
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VHSJ2220-5618, zsys = 2.22

log10{ L (3000Å) [erg s 1]} = 47.8, E(B V) = 0.93 mag, (LDust/LDisk)|2 m = 2.1

SED Model, FUV = 0%
Photometric Model, 2 = 13.6

SED Model, FUV = 0.04%
Photometric Model, 2 = 1.3

FIGURE B.35: Same as Fig. B.1 but for the HRQ - VHSJ2220-5618.
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VHSJ2227-5203, zsys = 2.656

log10{ L (3000Å) [erg s 1]} = 47.2, E(B V) = 0.77 mag, (LDust/LDisk)|2 m = 2.19

SED Model, FUV = 0%
Photometric Model, 2 = 31.5

SED Model, FUV = 0.13%
Photometric Model, 2 = 7.9

FIGURE B.36: Same as Fig. B.1 but for the HRQ - VHSJ2227-5203.
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VHSJ2256-4800, zsys = 2.25

log10{ L (3000Å) [erg s 1]} = 47.3, E(B V) = 0.86 mag, (LDust/LDisk)|2 m = 2.74

SED Model, FUV = 0%
Photometric Model, 2 = 20.5

SED Model, FUV = 0.18%
Photometric Model, 2 = 3.1

FIGURE B.37: Same as Fig. B.1 but for the HRQ - VHSJ2256-4800.
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VHSJ2257-4700, zsys = 2.156

log10{ L (3000Å) [erg s 1]} = 46.7, E(B V) = 0.74 mag, (LDust/LDisk)|2 m = 2.38

SED Model, FUV = 0%
Photometric Model, 2 = 4.1

SED Model, FUV = 0.13%
Photometric Model, 2 = 0.3

FIGURE B.38: Same as Fig. B.1 but for the HRQ - VHSJ2257-4700.

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75
log10( Rest [Å])

18

17

lo
g 1

0(
F

 [e
rg

s
1

cm
2

Å
1 ]

)

VHSJ2306-5447, zsys = 2.372

log10{ L (3000Å) [erg s 1]} = 46.9, E(B V) = 0.77 mag, (LDust/LDisk)|2 m = 1.27

SED Model, FUV = 0%
Photometric Model, 2 = 14.4

SED Model, FUV = 0.11%
Photometric Model, 2 = 1.1

FIGURE B.39: Same as Fig. B.1 but for the HRQ - VHSJ2306-5447.
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VHSJ2332-5240, zsys = 2.45

log10{ L (3000Å) [erg s 1]} = 46.6, E(B V) = 0.73 mag, (LDust/LDisk)|2 m = 1.8

SED Model, FUV = 0%
Photometric Model, 2 = 25.4

SED Model, FUV = 0.54%
Photometric Model, 2 = 3.7

FIGURE B.40: Same as Fig. B.1 but for the HRQ - VHSJ2332-5240.
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VHSJ2355-0011, zsys = 2.531

log10{ L (3000Å) [erg s 1]} = 47.3, E(B V) = 0.89 mag, (LDust/LDisk)|2 m = 2.55

SED Model, FUV = 0%
Photometric Model, 2 = 30.1

SED Model, FUV = 0.24%
Photometric Model, 2 = 0.8

FIGURE B.41: Same as Fig. B.1 but for the HRQ - VHSJ2355-0011.
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VIKJ2205-3132, zsys = 2.307

log10{ L (3000Å) [erg s 1]} = 46.6, E(B V) = 0.71 mag, (LDust/LDisk)|2 m = 0.77

SED Model, FUV = 0%
Photometric Model, 2 = 11.8

SED Model, FUV = 0.15%
Photometric Model, 2 = 4.1

FIGURE B.42: Same as Fig. B.1 but for the HRQ - VIKJ2205-3132.
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VIKJ2214-3100, zsys = 1.069

log10{ L (3000Å) [erg s 1]} = 45.7, E(B V) = 1.48 mag, (LDust/LDisk)|2 m = 7.37

SED Model, FUV = 0%
Photometric Model, 2 = 20.3

SED Model, FUV = 0.26%
Photometric Model, 2 = 14.5

FIGURE B.43: Same as Fig. B.1 but for the HRQ - VIKJ2214-3100.

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75
log10( Rest [Å])

19

18

17

lo
g 1

0(
F

 [e
rg

s
1

cm
2

Å
1 ]

)

VIKJ2228-3205, zsys = 2.364

log10{ L (3000Å) [erg s 1]} = 46.1, E(B V) = 0.66 mag, (LDust/LDisk)|2 m = 2.12

SED Model, FUV = 0%
Photometric Model, 2 = 8.5

SED Model, FUV = 0.39%
Photometric Model, 2 = 0.6

FIGURE B.44: Same as Fig. B.1 but for the HRQ - VIKJ2228-3205.
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VIKJ2230-2956, zsys = 1.319

log10{ L (3000Å) [erg s 1]} = 46.1, E(B V) = 1.64 mag, (LDust/LDisk)|2 m = 6.03

SED Model, FUV = 0%
Photometric Model, 2 = 27.1

SED Model, FUV = 0.36%
Photometric Model, 2 = 6.7

FIGURE B.45: Same as Fig. B.1 but for the HRQ - VIKJ2230-2956.
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VIKJ2232-2844, zsys = 2.292

log10{ L (3000Å) [erg s 1]} = 46.8, E(B V) = 0.89 mag, (LDust/LDisk)|2 m = 1.79

SED Model, FUV = 0%
Photometric Model, 2 = 1.0

SED Model, FUV = 0.09%
Photometric Model, 2 = 0.9

FIGURE B.46: Same as Fig. B.1 but for the HRQ - VIKJ2232-2844.
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VIKJ2238-2836, zsys = 1.231

log10{ L (3000Å) [erg s 1]} = 46.2, E(B V) = 1.42 mag, (LDust/LDisk)|2 m = 5.02

SED Model, FUV = 0%
Photometric Model, 2 = 4.3

SED Model, FUV = 0.5%
Photometric Model, 2 = 2.9

FIGURE B.47: Same as Fig. B.1 but for the HRQ - VIKJ2238-2836.
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VIKJ2241-3006, zsys = 0.72

log10{ L (3000Å) [erg s 1]} = 45.3, E(B V) = 1.47 mag, (LDust/LDisk)|2 m = 7.35

SED Model, FUV = 0%
Photometric Model, 2 = 11.0

SED Model, FUV = 0.38%
Photometric Model, 2 = 4.8

FIGURE B.48: Same as Fig. B.1 but for the HRQ - VIKJ2241-3006.
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VIKJ2243-3504, zsys = 2.085

log10{ L (3000Å) [erg s 1]} = 47.3, E(B V) = 1.19 mag, (LDust/LDisk)|2 m = 1.71

SED Model, FUV = 0%
Photometric Model, 2 = 25.3

SED Model, FUV = 0.25%
Photometric Model, 2 = 1.1

FIGURE B.49: Same as Fig. B.1 but for the HRQ - VIKJ2243-3504.
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VIKJ2245-3516, zsys = 1.335

log10{ L (3000Å) [erg s 1]} = 46.0, E(B V) = 1.38 mag, (LDust/LDisk)|2 m = 12.7

SED Model, FUV = 0%
Photometric Model, 2 = 9.7

SED Model, FUV = 0.48%
Photometric Model, 2 = 9.3

FIGURE B.50: Same as Fig. B.1 but for the HRQ - VIKJ2245-3516.
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VIKJ2251-3433, zsys = 1.693

log10{ L (3000Å) [erg s 1]} = 46.4, E(B V) = 1.07 mag, (LDust/LDisk)|2 m = 2.77

SED Model, FUV = 0%
Photometric Model, 2 = 33.1

SED Model, FUV = 0.26%
Photometric Model, 2 = 2.0

FIGURE B.51: Same as Fig. B.1 but for the HRQ - VIKJ2251-3433.
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VIKJ2256-3114, zsys = 2.329

log10{ L (3000Å) [erg s 1]} = 46.9, E(B V) = 0.88 mag, (LDust/LDisk)|2 m = 1.95

SED Model, FUV = 0%
Photometric Model, 2 = 25.9

SED Model, FUV = 0.45%
Photometric Model, 2 = 0.7

FIGURE B.52: Same as Fig. B.1 but for the HRQ - VIKJ2256-3114.
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VIKJ2258-3219, zsys = 0.879

log10{ L (3000Å) [erg s 1]} = 45.8, E(B V) = 1.46 mag, (LDust/LDisk)|2 m = 5.85

SED Model, FUV = 0%
Photometric Model, 2 = 12.1

SED Model, FUV = 0.39%
Photometric Model, 2 = 3.6

FIGURE B.53: Same as Fig. B.1 but for the HRQ - VIKJ2258-3219.
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VIKJ2306-3050, zsys = 1.06

log10{ L (3000Å) [erg s 1]} = 45.5, E(B V) = 1.42 mag, (LDust/LDisk)|2 m = 3.48

SED Model, FUV = 0%
Photometric Model, 2 = 3.1

SED Model, FUV = 0.25%
Photometric Model, 2 = 3.5

FIGURE B.54: Same as Fig. B.1 but for the HRQ - VIKJ2306-3050.
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VIKJ2309-3433, zsys = 2.159

log10{ L (3000Å) [erg s 1]} = 46.1, E(B V) = 0.68 mag, (LDust/LDisk)|2 m = 3.62

SED Model, FUV = 0%
Photometric Model, 2 = 20.5

SED Model, FUV = 0.88%
Photometric Model, 2 = 1.7

FIGURE B.55: Same as Fig. B.1 but for the HRQ - VIKJ2309-3433.

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75
log10( Rest [Å])

18

17

lo
g 1

0(
F

 [e
rg

s
1

cm
2

Å
1 ]

)

VIKJ2313-2904, zsys = 1.851

log10{ L (3000Å) [erg s 1]} = 46.4, E(B V) = 0.99 mag, (LDust/LDisk)|2 m = 3.34

SED Model, FUV = 0%
Photometric Model, 2 = 29.8

SED Model, FUV = 0.61%
Photometric Model, 2 = 3.8

FIGURE B.56: Same as Fig. B.1 but for the HRQ - VIKJ2313-2904.
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VIKJ2314-3459, zsys = 2.325

log10{ L (3000Å) [erg s 1]} = 46.7, E(B V) = 0.75 mag, (LDust/LDisk)|2 m = 2.23

SED Model, FUV = 0%
Photometric Model, 2 = 24.4

SED Model, FUV = 0.5%
Photometric Model, 2 = 1.8

FIGURE B.57: Same as Fig. B.1 but for the HRQ - VIKJ2314-3459.
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VIKJ2323-3222, zsys = 2.191

log10{ L (3000Å) [erg s 1]} = 47.0, E(B V) = 0.97 mag, (LDust/LDisk)|2 m = 0.91

SED Model, FUV = 0%
Photometric Model, 2 = 16.2

SED Model, FUV = 0.07%
Photometric Model, 2 = 2.3

FIGURE B.58: Same as Fig. B.1 but for the HRQ - VIKJ2323-3222.
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VIKJ2350-3019, zsys = 2.324

log10{ L (3000Å) [erg s 1]} = 46.6, E(B V) = 0.75 mag, (LDust/LDisk)|2 m = 1.27

SED Model, FUV = 0%
Photometric Model, 2 = 8.5

SED Model, FUV = 0.16%
Photometric Model, 2 = 1.0

FIGURE B.59: Same as Fig. B.1 but for the HRQ - VIKJ2350-3019.
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VIKJ2357-3024, zsys = 1.129

log10{ L (3000Å) [erg s 1]} = 45.8, E(B V) = 1.36 mag, (LDust/LDisk)|2 m = 4.59

SED Model, FUV = 0%
Photometric Model, 2 = 9.2

SED Model, FUV = 0.24%
Photometric Model, 2 = 4.3

FIGURE B.60: Same as Fig. B.1 but for the HRQ - VIKJ2357-3024.
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Zakamska, N. L., Hamann, F., Pâris, I., et al. (2016): Discovery of extreme [O III] λ5007
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